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ABSTRACT 


The feasibility of using optical coatings to prevent discharge 
induced surface breakdown of titania ceramic in a high power microwave 
field was investigated. Titania discs polished to optical flatness 
were coated with up to 4um of alumina utilizing RF reactive sputtering 
in a triode system constructed for this project. The films were uniform 
and controllable and resulted in no net reduction of the titania provided 
a set procedure was followed. The discs were tested in one of two 
cavity geometries: either a short cylindrical cavity containing one disc; 
or a longer structure with up to five discs to simulate conditions in an 
electron accelerator. The systems necessary for conducting the high power 
breakdown studies have been described in some detail in addition to the 
relevant low power measurements. The single disc cavity was adapted to 
permit the excitation of higher order TEO1n modes in quadrature to the 
high power ™o14 mode. By observing the response of the probing TE modes 
the nature of microwave vacuum discharges at low and high power was 
studied. Multipactor discharges prevalent at low power with alumina 
coated discs were eliminated by means of a thin titanium film to suppress 
secondary electron emission. Titania discs coated with over lum of alumina 
were not subject to surface breakdown at fields up to 350 kV/cm and were 


capable of supporting fields up to 250 kV/cm continuously without damage. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation for the Investiqation 


An electric field within a dielectric material will, under certain 
conditions, alter the physical or chemical properties of the dielectric. 
The dynamic rise of conductivity in a gas or liquid, or the failure of a 
solid as the electric field is increased is termed dielectric breakdown, 
the study of which is of considerable theoretical and practical interest 


as advanced materials and technologies are introduced. 


In fluid media, a definition which may be extended to vacuum, the 
most common manifestation is the electrical discharge, a complex 
phenomenon involving the ionization, recombination, attachment and diffusion 
of charged particles. After removal of the field, the liquid or gas 
usually returns to its original state but during the discharge, the particles 
may interact with the walls of the containing chamber, generate RF, visible 


or ionizing radiation, or initiate chemical reactions. 


Dielectric breakdown in solids is an irreversible effect characterized 
by increased electrical conductivity, a change in chemical composition and 
in severe cases, mechanical failure due to thermally induced stress and 
melting of the bulk material. Strictly the term should be applied to 
breakdown resulting from the direct influence of the electric field by 
some mechanism such as ohmic loss or the excitation of lattice electrons. 


It will be appreciated however, that when electrical discharges occur at 
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tne surface of the dielectric, breakdown may be accelerated by the combined 


effect of the internal field and the external discharge. 


In recent years dielectrics have been incorporated in microwave 
components designed to operate at high average and peak power. Examples 
include phase shifters, klystron windows, filters and slow wave structures 
such as travelling wave tubes, particle accelerators and high energy 
particle separators. In each of the above cases, the dielectric, usually 
a ceramic, is a primary element in the system and consequently is located 
in a region of high electric field. The presence of a microwave discharge 


has often led to failure of such dielectric elements. 


In one such instance, titania ceramic, which possesses a very low loss 
at microwave frequencies and a permittivity an order of magnitude higher than 
most other ceramics, has not been an unqualified success when incorporated 


in slow wave structures which could exploit these desirable properties. 


By employing titania discs spaced along the inside of a cylindrical 
waveguide as illustrated in Figure 1.1, Harvie and his co-workers 
constructed an anisotropic dielectric-loaded accelerator [1]. A central 
iris through each disc allows the transit of electrons which are then 
accelerated by a TM mode wave. The laminated dielectric retards. the 
propagation of the travelling wave in order that energy may be coupled 
from the axial electric field to the electron beam. Although the accelerator 
demonstrated the higher Beene nr ot the dielectric loaded structure in 
comparison to its metal iris counterpart, discharges at the titania surface 


resulted in degraded performance at high power. %i1 contamination of the 


titania was subsequently discovered to be the source of the trouble, but 


more complex problems were to be encountered with titania in such an 
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Figure 1.1] Dielectric Loaded Accelerator 


An alternative to the travelling wave structure described utilizes 
a similar disc loaded tube; however, by operating it in a resonant mode 
higher fields can be achieved. As in other linear accelerators, the 
electric field is pulsed to a few hundred kV/cm... Unfortunately at such 
field strengths, discharges are not uncommon despite care in designing 
and preparing the system and it was discovered that titania was highly 


susceptible to damage in a vacuum environment. 


In an endeavour to acquire data on the behaviour of titania in micro- 
wave and also DC fields a program of research was initiated at Queen 
Mary College, London and later transferred to the University of British 


Columbia. The present work is an extension of that research. 
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1.2 Breakdown of Titania in Vacuum 
1.2.1 The Nature of T10,_ 
Titania (titanium dioxide, also called rutile) is abundant in nature 

but may be distinquished from other common refractory ceramics by 

individual properties which are in high demand for selected applications 

and other negative characteristics which limit more widespread use. A 

high refractive index makes it attractive to both paint manufacturers and 

the optics industry. Of greater significance to the electronic engineer 

is the associated high relative dielectric constant (~100) and a very low 

loss (tané~.0003 at microwave frequencies). It has thus found wide use 

in the manufacture of capacitors over the past few decades. In normal 

capacitor applications the high thermal dependence of the permittivity 

is the most undesirable characteristic; however, when incorporated in 

slow wave structures handling high average and high peak powers, two other 


restricting properties of titania become troublesome: inadequate thermal 


conductivity and chemical instability when heated in vacuum. 


Although single crystal rutile is available, most applications use 
polycrystalline material. Pure rutile powder is white prior to sintering 
and firing but due to binding agents the final product assumes a straw- 
yellow colour. Upon heating in vacuum an irreversible colour change takes 
place for temperatures in excess of 350°C, the surface becoming a light 
grey. At higher temperatures (over 600°C) it becomes much darker, indicating | 
a change in the stoichiometry of the rutile ceramic. In the oxygen 


deficient environment, the chemical formula for titania may be given as 


TiO. , where 1.95<n<2, the structure remaining tetragonal [2,3]. As 
n 
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further reduction occurs, other oxides with a triclinic structure appear 
until there is a shift to the monoclinic lattice of Ti,0,. Other lower 
order oxides are Ti,0, and Ti0 [4], possessing semiconductor and metallic 
characteristics respectively, although in fact the titania will include a 
continuous sequence of lower oxides specified by l<n<2, in a manner 
similar to other transition metal oxides. These lover oxides have a brown- 
velvet-black colour which accounts for the colour change on heating. This 
is accompanied by a substantial increase of electrical conductivity which 


aids thermal runaway and may lead to catastrophic failure by an accelerated 


mechanism, that of electrochemical breakdown [5]. 


If the ceramic is in a high power microwave field it will be readily 
appreciated that the heat generated by dielectric losses could develop 
such temperatures. Bombardment by energetic particles present in a microwave 


vacuum discharge could also contribute to breakdown. 


1.2.2 Breakdown in DC Fields 

In view of the unstable nature of titania, it is not surprising that 
it fails at lower fields than ordinary ceramics. Hayes [6], working with 
DC fields, clamped titania discs between two shaped electrodes to determine 
the breakdown strength in vacuum. Normally in such tests a certain degree 
of sparking is observed pithdp the test chamber and since it tends to 
clean the electrode and specimen surfaces of occluded gasses and impurities 
at relatively low fields, such sparking may be beneficial and is usually 
termed conditioning. However, with titania little conditioning was noticed 
since breakdown occurred at the onset of sparking near 20 kV/cm. Damage 


was characterized by tracking between the electrodes along the exposed 
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surface of the titania. Application of a vitreous glaze to this surface 
prior to testing resulted in an improved breakdown strength of 67 kV/cm. 
The best results were obtained by silvering the faces in contact with 

the electrodes in addition to the glazing: breakdown after normal 
conditioning was at 78 kV/cm, comparable to that of alumina and magnesium 
titanate. It was noted that the breakdown was at the edge of the sample 
and not through the bulk of the material, or what is usually called 
punch-through breakdown; hence it is feasible to assume that the intrinsic 


strength of titania is still higher than 78 kV/cm. 


To minimize the effect of the tangential field at the edge of the 
disc, the electrode geometry was altered to give a primarily normal 
field. The disc was separated from a spherical electrode by a small gap. 
Depending whether the sphere was negative or positive, the breakdown field 
in the titania was 35 kV/cm and 28.5 kV/cm respectively. By simultaneously 
taking mechanical force measurements, Englefield et al. [7] were able to 
correct for any charging of the titania surface and arrived at fields of 
52 kV/cm and 35 kV/cm respectively. Field emission from either the 
electrode or the ceramic (depending on the polarity) resulted in a net 
reduction of the field across the gap as the charge on the ceramic increased. 
Since the lower breakdown strength in the ceramic cathode case was 
accompanied by much lower prebreakdown currents it was concluded that 
electrons were emitted from localized sites on the surface. The current 
density would be higher, resulting in higher local temperatures which 
contributed to earlier reduction of the titania at the point of electron 


emission. This was confirmed by Ryall [8], in a refinement to the above 
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experiments. By incorporating an optical flat (which had been 
previously coated with a conducting chromium film) into one of the 
electrodes and optically polishing the titania surface, interference 
fringes were obtained in the vacuum gap. Localized heating by emission 
currents resulted in thermal expansion of the ceramic which appeared as 
a distortion in the fringe pattern. The growth of this distortion was 


recorded by high speed photography until breakdown 150 msec later. 


In the normal field titania invariably suffered more severe damage. 
Punch-through was indicated by a conducting path through the material 
and the intense heating often resulted in localized reduction, formation 
of pits at the point of punch through by the ejection of particles of titania 


from the surface, and possible cracking of the disc. 
1.2.3 Breakdown in Microwave Fields 


Titania discs have also been tested in microwave structures which 
simulate the field patterns found in the disc loaded accelerator. The 


types of damage observed after breakdown are illustrated in Figure 1.2. 


Referring to the figure, these may be classified in the following 
manner : 


- Face punch-through- - Similar to that observed in DC with a 
small pit (typically 1mm diameter and .5 mm deep) except that 
there is no breakdown path through the dielectric. The probable 
cause is intense local heating with thermal stresses sufficient 
to force out a small chip of titania (Indicated as "I" in Figure 


1.2, in the following discussions this will be referred to as 


Type 1) 
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Figure 1.2 Damage Observed in Titania Discs Subjected 


to a Microwave Field. 


Darkened spots on titania surface - - Indicating reduction of 

the titania and possibly an early form of Type 1 (Type 2) 

Small tree-like patterns or so-called Lichtenberg figures 
extending from the edge about 2-3 mm toward the center of the 
disc (Type 3) 

Longer treeing patterns extending to the center of the disc in 
certain cases (Type 4) 

Black dots on the edge of the ee indicating points of discharge 
between the ceramic and the metal wall of the cavity (Type 5) 


Cracks in the ceramic due to thermal shock as a result of micro- 


wave heating (Type 6) 
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- The presence of a brown stain on the surface of the disc 
after breakdown was noted by Hayes [6], but this was attributed 
to poor vacuum conditions and multipactor initiated by an oil 


film (Type 7) 


These do not nececsarily all occur in any one instance; in fact 
usually only one form is observed if the Peete is detected before the 
ceramic deteriorates excessively. It is obvious that local breakdown 
spots or treeing increases the conductivity of the ceramic and the 


resulting energy dissipation could lead to fracture (Type 6). 


The fields within the disc and at the disc surface will be given in 
Chapter 4. Let it suffice to say that the maximum field within the 
disc is normal to the curved surface and that the peak external field 
(assuming no gap between the ceramic and the cavity wall: the ideal 
interface) is normal to the face and on the disc axis. Disc breakdown 
nas been observed at beduVRowere that would correspond to 5 - 15 kV/cm 
and 100 - 300 kV/cm for the internal and external fields respectively. 
The wide variation is indicative of the unpredictable nature of titania 
when subjected to microwave fields. Even more obvious is the failure 


of the titania to support fields comparable to those observed in DC tests. 


1.3 Breakdown Mechanisms in Solid Dielectrics 


Under ideal laboratory conditions where practical considerations 
may be ignored, a number of fundamental mechanisms for breakdown of solid 
dielectrics have been identified. These classical breakdown mechanisms 


are generally classified as thermal , intrinsic, avalanche and field 


emission [9-12]. 
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Most straightforward is thermal breakdown, which is dependent 
upon the lattice conductivity as a function of temperature. At low 
temperatures (~300°K) ceramics generally have a very low conductivity 


=<i'3 =| 


(.10 cm ° for Ti0,).. However there exists an exponential dependence 


upon temperature given by 
Sete 


4 


where A is a constant ando. 10° °K [13]. 


It can be seen that with an increasing electric field, the ohmic 
loss in the dielectric,o(E)EC increases the temperature and 
consequent ly the conductivity. Provided the Joule heat generated 
increases at a Slower rate than the loss of heat by conduction or 


radiation, for any field, an equilibrium is achieved: 


dT . 2 2 
Cy age div(KVT) = o(E)E 
where Cy is the heat capacity 
K the thermal conductivity 


T the temperature (°K) 
At some field Eu the lattice temperature reaches a critical value ie 
such that the system Bae unstable. The conductivity increases 
Garkastrnaph ileal ty and the dielectric becomes a conductor; i.e., breakdown 


occurs. 


If the applied field is alternating, dielectric losses must also 
be considered. In complex notation, the permittivity of a dielectric 


is given aS ec = ¢' - je", and the effective conductivity is taken as 


or 
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Oo = we', Or more usually as o = we' tan 6, where tan 6 = & and is 

€ 
generally termed the loss tangent. The Joule heat generated within 
the dielectric (per unit volume) due to an alternating field is 


Substantially larger than that observed with DC fields and is 


Since the temperature is dependent on average power dissipated 
within the dielectric, thermal breakdown can be minimized by applying 
a pulsed field. It will be seen that thermal breakdown may be one of 


the major contributors to the breakdown of titania. 


In thermal breakdown the conductivity is dependent on the lattice 
temperature and only indirectly upon the applied field. Intrinsic 
breakdown relates the electron density and hence the electron conduct- 
ivity directly to the applied field. An ideal crystalline dielectric 
at absolute zero would have no electrons in the conduction band; 
however, at normal temperatures and due to lattice defects, a finite 
number of free electrons are present and contribute in part to the 
conductivity of the dielectric. These electrons are capable of 
acquiring energy from the applied field and transferring it to the 
lattice. The exact nature of the breakdown is not yet fully established 
and a number of mechanisms have been proposed, the two major ones 


differing primarily in the assumed distribution of the electron 


energies. 
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In his collective theory, von Hippel [14] considered that a 
sufficient electron density must exist such that electron-electron 
interactions result in a mean electron energy Ua Thus higher energy 
electrons will exchange energy with the lower energy electrons and 
hence to the lattice. In an analogous manner to the thermal breakdown 
case, for any field less than a critical field EO the electron temperature 
approaches a steady state value. Above sak the electron temperature 
rises rapidly since the average energy gain from the field exceeds that 
lost to the lattice. The electron energy is then sufficient to ionize 
the lattice electrons and the electron density increases, resulting in 


breakdown. 


Frohlich [15], however, advanced a low density, high energy theory 
in which esléctronveleeurdh interactions are negligible and the electron 
energy is transferred directly to the lattice. Since there is more 
probability of higher energy electrons existing, these collisions result 
in ionization and breakdown at a critical field fee which is lower than 


that required by von Hippel. 


There are variations on the above theories, but intrinsic breakdown 
is a low temperature phenomenon independent of the dielectric size and 


geometry and requires fields of the order 10°v/cm. 


Seitz [16], on the basis of a thick specimen and an electron with 
a velocity of 10°cm/sec, estimated tnat the electron could create 10! 
ionized electrons (40 ionization senerations) raising the local temperature 
above a critical value and initiate breakdown at a field strength of 


10° V/cm. This avalanche theory does not take into account inter-electron 


collisions; however, it does give a physically realisable value. In 
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this case the breakdown is local and dependent upon a specimen thickness 


sufficient to allow the necessary avalanche to continue. 


An alternative method of increasing the electron density directly 
is by field emission from the valence band to the conduction band. 
ey [9] gives a required field strength in excess of 10° V/cm for 
field emission to pect This is higher than the breakdown fields usually 
observed in dielectric materials, although such fields may occur at 


interfaces or voids due to enhancement. 


In view of the foregoing discussion and the damage thresholds 
observed in actual tests it is safe to postulate that failure occurs wel] 
before the intrinsic strength is reached. After taking into account the 
possibility of thermal breakdown either due to bulk heating or the 
presence of lossy impurities within the dielectric, it is evident that 


other mechanisms are responsible. 


1.4 Breakdown Initiated by Surface Discharges 
1.4.1 Multipactor Induced Breakdown 


In the development of high power klystrons for accelerator 
applications a large number of vacuum window failures were recorded at 
power levels far lower than expected; this was later attributed to thermal 


stresses arising from multipactor heating [17,18]. 


Multipactor is an electron resonance phenomenon which may occur in 
microwave cavities of suitable geometry and material [19]. Electrons 
emitted from a surface are accelerated by the field and strike a parallel 
surface during a half period of the RF field; ejecting secondary electrons 


which may then travel to the original surface. If the secondary electron 
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emission coefficient, 6, is greater than one, as it is for most metals 
and dielectric solids, electron multiplication takes place, with rapid 
increase of energy transfer from the field to the electron cloud and 
subsequently to the cavity surfaces. The maximum voltage at which 


multipactor can occur is [20] 


In the present work the distance, x, between cavity surfaces was 3 cm 
and the frequency 2868 MHz, giving a May = 831 kV: the corresponding 


field strength, 277 kV/cm is of the same order as the actual applied fields. 


Priest and Talcott [21] indicate that if tangential RF fields exist 
at a dielectric surface, a similar single surface multipactor effect 


may result in electron bombardment heating. 


The high energy electrons transfer energy to the crystal lattice at 
a very rapid rate. In relatively stable ceramics this could cause 
thermal shock; for titania however, the consequences could be more severe 


from the discussion of section 1.2.1. 


1.4.2 Surface Charging 


Consider another result of multipactor. The ceramic is bombarded 
by electrons which generate secondary electrons such that the surface 
becomes positively charged [23]. This would give rise to a normal E 
field at the ceramic surface, and if the charging is not uniform, a 


corresponding tangential field. If the charge leakage is low, continued 
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bombardment could theoretically create fields sufficiently high for 


breakdown to occur, especially at points of field intensification. 


1.4.3 Spark Discharge Initiated Breakdown 


The vacuum spark is a highly dynamic microdischarge of relatively 
short duration (<lusec, depending upon conditions). Attempts have 
been made to identify the mechaind sis initiating the discharge; however 
the consensus: is that the Si cet rode Supmce and cleanliness are 
overriding factors. On the assumption that ionization remains a 
fundamental requirement, classical thermionic electron emission or field 
emission from oxide or impurity films on the electrode are proposed to 
account for the necessarily high electron density required to vaporize 
the anode material. A second group of theories depend upon a 
regenerative effect: electrons or negative ions accelerated into the 
anode create secondary positive ions which in turn strike the cathode 
resulting in a particle multiplication sufficient to support a discharge. 
Hawley and Zaky, [23], in reviewing the various hypotheses, emphasize 
the "clump" theory. Instead of elementary charged particles, much 
larger micro-particles or clumps are pulled out of the electrode by 
the high local field and accelerated to the other surface. Since the 
micro-particle is relatively massive, on collision with the other 
electrode material is vaporized to create the discharge. Of course at 
microwave frequencies transit time becomes prohibitive for the heavier 
particles and only electron effects need be considered. Because it 
qenerally dissipates the stored energy within a system, a vacuum discharge 


at a titania surface could transfer that energy via the bombarding 
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particles to a localized area with subsequent reduction. With some 
theoretical justification, Kilpatrick [24] presented a semi-empirical 
criterion to specify a threshold field for sparking. While it holds 
up to the microwave region for most cases, it may fail when applied to 
applications where there is sufficient temperature increase to open 
trapped gas voids. By low energy electron ionization, discharges could 


be created at fields below the specified threshold. 


A possible secondary effect of the spark discharge is to increase 
the loss by photoelectric induced conductivity in either Ti0, or other 


oxides [25]. 
1.4.4 Field Emission Breakdown 


Walker and Hayes [26] observed that breakdown occurred in micro- 
wave fields at the edge of titania discs clamped in copper rings. 
Field intensification at the microscopically rough edge and resultant 
field emission were proposed as the reason. Fields over 1 MV/cm could 


develop in gaps between the ceramic and the copper. 


1.5 The Scope of the Present Work 
Recognizing that discharges could result in breakdown of certain 
ceramics, the initial aim of the research was to employ thin film 


coating techniques to provide a protective layer on the titania ceramic. 


To test the effectiveness of the coatings, a hign power microwave 
facility was constructed. The titania, in disc form, was placed in a 
high field cavity to simulate conditions in a dielectric slow wave 


accelerator. 
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After the first few trials it became apparent that for all but 


the shortest duty cycles (pulse length x pulse frequency) the average 


power limitation was more significant than discharge induced breakdown. 


In the actual coating of the ceramic, similar thermal limitations were 
observed, indicating that additional investigation into the sputtering 
procedure was warranted. Thus, although not originally intended, 
study of the thermal characteristics of titania both in coating and 


at high power had to be included. 


Following the experiments with single discs, the cavity was 
expanded up to a five disc structure. It was proposed to correlate 
results from this structure with those of the single disc experiments, 
and by adding an electron beam, to better simulate the conditions in 


an accelerator. 


From the breakdown data, the behaviour of the cavity under power 
and the dependence of dielectric breakdown and discharges upon various 
coatings, it was expected to evaluate the effectiveness of the thin 
film protection method and also to gain further insight into the 


nature of dielectric breakdown and vacuum discharges. 
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CHAPTER 2 
METHODS OF INHIBITING BREAKDOWN 
2.1 Introduction 


The types of breakdown classified in section 1.2.3 are aaeeht)y 
either thermal or a result of surface discharges or high surface fields. 
The thermal effects can be reduced by modifying the operating conditions 
of the system, either by reducing the duty cycle of the applied field, 
or by cooling the titania to obtain improved heat transfer by way of 
increased thermal conductivity. Since the intrinsic breakdown strength 
of the titania is not achieved before surface breakdown occurs, by 
eliminating the effects of the surface discharges and high fields at 
the ceramic-metal interface, the titania should be capable of with- 


standing higher peak powers. 


To protect the titania from surface discharges, the group at QMC 
resorted to a lead borate glaze. The glaze enabled fields of 300 kV/cm 
to be maintained at the titania surface without breakdown [26]. The 
three-fold improvement in breakdown strength for glazed titania in DC 
fields has already been mentioned. Although it demonstrated the 
applicability of coating techniques to this particular problem, it was 
discovered that the glazed titania was more lossy at microwave frequencies. 
Not only was the intrinsic loss tangent of the glaze quite high 
(tanév.03) [27], but in the glazing process, which involved Spraying 
the discs with a fluid suspension of glaze particles in water and firing 


of the ceramic at 500°C, a reaction between the glaze and the titania 
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resulted in additional loss. Thus the method would be unsuitable 

in higher frequency structures where the glaze thickness (about .005 cm) 
would no longer be negligible compared to the disc dimensions. It 

was therefore proposed that much thinner, more inert coatings should be 


applied to ascertain if they would be as effective as the glaze. 


Application of the glaze did suppress breakdown at the vacuum 
Surface; nowever breakdown could still occur at tne ceramic metal 
interface because of the edge finish of the titania. Silvering of the 
edge to provide a more ideal interface was successful at DC, but high 
wall currents present in the microwave cavity stripped the silver layer 
off the edge and no improvement was noted. Chute [28] in a cavity of 
Similar geometry but excited in a different field pattern observed that 
an evaporated aluminum film did reduce edge breakdown. In the absence 
of any permanent ceramic-metal bonding technique for titania, a similar 
evaporation method was adopted to eliminate possible edge breakdown 


in the present work. 


2.2 Micron Thick Optical Coatings 


Using the film coating methods developed for optics manufacture, 
a considerably thinner and more homogeneous layer could be applied to 
the ceramic ff place of the glaze. The criteria to be satisfied in 
selecting the coating material include the following: first, it must 
be stable and capable of sustaining higher fields than titania; second, 
Since reduction of the titania is the Fundamental cause of breakdown, 
the coating must be non-porous to prevent oxygen migration from the 
titania to the vacuum; third, the coating should demonstrate good adhesion 


to the titania substrate and therefore possess a similar coefficient of 
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thermal expansion; fourth, it should not affect the titania substrate; 
and fifth, it should have a low loss tangent to minimize dissipation in 


thicker coatings. 


Alumina 7s one material possessing these properties. It is 
particularly suited because of a very low oxygen diffusion coefficient 


even at elevated temperatures [29]. 


One complication in optical coating is the necessity of optically 
polishing the substrate prior to deposition. A Talysurf was used to 
obtain the surface profiles in Figure 2.1. Simple grinding of the 
Sintered titania leaves numerous irregularities which not only inhibit 
uniform coating, but also present potential points of field enhancement. 
A surface polished to a flatness of A/2 over a 8 cm diameter exhibits 
only occasional pits about lym in depth and 100um across. Consequently 
a surface coating of lum was thought sufficient to provide uniform 


protection. 


A second consideration is the high melting point of alumina. 
Since vaporization in vacuum only begins above 1700°C, normal 
evaporation techniques are not suggested, particularly when the substrate 
is a thermally unstable material such as titania. The alternative is 


RF reactive sputtering which is described in Chapter 3. 


2.3 Thin Titanium Coatings 


2.3.1 Metallic Films for Multipactor Suppression 


One intrinsic property characteristic of most oxides is the high 
secondary electron emission coefficient 6. Although the alumina was 


intended to protect the titania, its higher coefficient could increase 
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Talysurf Profiles of Titania Surfaces 


Figure 2.] 
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6 for Al,03 


Primary Electron Energy (kV) 


Representative Secondary Electron Emission Curves 
(from the sources indicated in brackets) 
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Energy Spectrum of Secondary Electrons Emitted 
from Ti (after Arifov [39]: =534 eV ) 
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the probability of multipactor. Such was the case, as will be seen in 


Chapter 7. 


By using materials with a coefficient less than unity, it is 
possible to eliminate multipactor entirely. Titanium has been used on 
metal accelerating cavities [30] and on dielectric interfaces in 
electron tubes [31] with success, since for pure Ti metal, 6=.9. Other 
possible metals are aluminum, 6<1l; beryllium, 6=.6; barium, 6=.83; 
and magnesium, 6=.95; however the high specific resistivity of Ti makes 
it desirable for coating dielectric surfaces situated in high tangential 


electric fields. 


The high melting point of titanium also eliminates evaporation 


and conventional DC sputtering is the usual deposition method used. 


2.3.2 S.E.E. Dependence Upon Film Thickness 


Secondary electron emission is a asthayace phenomenon [33-37]. 
Some of the incident (primary) electrons are reflected with almost no 
loss of energy, but most experience collisions within the bulk material 
and are either inelastically rediffused, or dissipate their energy below 
the surface partly by creating secondary and higher order electrons by 
ionization. These low energy electrons have a low probability of 
emerging out of the material, travelling only about 100 A before re- 
capture. Consequently, ‘true’ secondary electrons originate within a 
thin layer near the surface [38]. Figure 2.3 is the energy spectrum of 
electrons emitted from titanium: for convenience true secondary electrons 


are usually defined as electrons with energies of 50 eV or less. 
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By observing the true secondary electron emission coefficient 
6' and the coefficient for the faster reflected electrons, n, for 
different incident energies as thickness of a titanium film deposited 
upon a silver substrate, was increased, Bronsnhtein [40] obtained a 
maximum depth of origin of 12 atomic layers (35 A) [41] for titanium. 
The corresponding values for platinum and nickel were 28 A and 18 A 
[38]: those for eh ao te being approximately 10 times higher [42]. 
Similar results have been reported by Bruining [33], and Dekker [35]. 
A thin film of 50 A of titanium deposited on a polished substrate should 
be more than sufficient to give a total coefficient 6(=6'+n)<1, even at 


high angles of incidence [43]. 


ACR! Electrical Properties 

The bulk resistivity of titanium is 42x10" Gem [44]. The 
corresponding surface noe teranes for a layer of thickness d=50 A would 
be 842/square; however, it is known that thin films exhibit a higher 
resistivity than that of the bulk material [45]. The electron mean 
free path length NS in Ti is 220A [46], and a correction can be applied 
to the resistivity using the Sonderheimer-Fuchs relation for conductivity 


[47 }% 
o-o,[1- #x- Ss)Es(-e)- go(1-e*)-(2 + - &) 8] 2.1 


where xk -4 and =E. (-K) ue evdt., 


K 
Using the above values, K=.227,E,=-1.12 and o=. 3480, or in terms of 
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resistivity p= 2.870). 


Even allowing for this, the resulting resistivity of 120x107 °9 cm 


is much lower than that observed for 50 A films; values of 300 to 600 x 
1a being more typical [48-49] (240 x 107° in cases where a 1072 
torr vacuum was maintained [46,50]). Explanations suggested are: 
nonuniformity or porosity in the coating; reaction between Ti and 
residual 0 and N during the coating process; and ion bombardment by 
A* ions [51]. Since the titaniumwas sputtered,the figure reported by 


Gertsenberg [48] would be most applicable (p=600 x 107° acm), resulting 


in a surface resistivity of 1200°/square. 


It must be emphasized that these are the resistances measured 
prior 5 exposure of the film to atmosphere. Immediately air enters 
the vacuum chamber the surface resistance increases. Chander [49] 
found an increase of 80% for a 80 A film of Ti+ after 3 hours of exposure 
to air. For a Ti film at room temperature, Hass [52] reported an oxide 
growth of 15 A after 2 hours, 20 A after 20 hours and 35 A over 30 days, 
although at elevated temperatures the oxidation rate is appreciably 


higher and the final oxide thickness much thicker. 


Hence, when dealing with Ti films it is essential to keep the 
temperature as low as possible prior to any exposure to air, otherwise 
it is entirely feasible that a 50 A metallic film could be entirely 


converted to oxide. 


Secondary electron emission studies for thin films of titanium 


200 A thick were done by Laurensen and Holland [53]. At a pressure of 
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-9 
10 torr, 6+. 


clean bulk Ti. Upon increasing the pressure to .1 torr the coefficient 


=.9 with areca V. This compares well with results for 


became 6=1.5 at E,=200 to 300 V, similar to results for oxidized Ti 
sheet. It is anticipated that inside the microwave cavity the oxidized 
film will be subjected to electron bombardment and heating, the 


reduction of the Ti oxides restoring a clean Ti film with low 6. 


2.3.4 EM Wave Propagation Through Metallic Films 


Kaplan [54] has theoretically investigated the effect of a thin 
metallic film on a plane electromagnetic wave. The coefficients of 


transmission, reflection and absorption are [55]: 


i = 202 
(14a)? 
A = —22 , 2.3 
(1+a) 
R = 1 2.4 
(1+1/a) 
hk d 
a = 200 a Lesu ] . 2.0 


J 1 10 a 


Figure 2.4 Propagation Through Thin Metallic Films 
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for a film of 50 A, a=.77 and T=.32. Using the more realistic . 


resistivity »=600 x 10° 


2 cm, the corresponding transmission 
coefficient is .90. The difference between theoretical and experimental 
results is illustrated by Ramsey and Lewis [56] who used iron, silver 
and nickel films across X-band waveguide. Although in this case the 
wave was no longer propagating normal to the film plane, similar 
results were obtained. Allowing for the much higher resistivity of 


Ti, the 50 A film considered is comparable to thicknesses of 5 to 10 A 


of the other metals. 


In the actual application, the Ti film was on a titania disc 
within a microwave cavity and the loss due to the film depends upon the 
magnitude of the tangential E field at the film surface. This will be 


determined in section 5.3. 


Understandably then, the thickness of the Ti layer must be carefully 
controlled; if too thin it will not be effective and may oxidize too 
readily; if too thick it will absorb energy and only contribute to the 


surface heating of the titania. 


2.4 Prevention of Edge Breakdown 


Aluminum had proved more successful than silver in eliminating 
edge breakdown, however, copper was proposed for the present series of 
experiments. The main advantages of copper were its high conductivity 
and malleability. Losses would be reduced and ace in the application 
a copper ring was to be shrink-fitted onto the titania, a homogeneous 


bond would result. 
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The problem in metal-ceramic bonding is the generally poor adherence. 
In the experiments however, no peeling of the coating was encountered 
due to high fields, possibly due to the high mechanical forces created 
by the thermal shrinking of the ring. The main source of difficulty 
was in obtaining a satisfactory edge finish, although this was not 
noticed until a careful analysis of the various edge coatings was 


conducted after conclusion of the high power tests. 


The coating thickness is quite critical. The skin depth of copper 


can be calculated from the relation [57] 


el 2.6 


tte 


aAnGsatezo7 0 Mizwis Picex 107° m. The minimum thickness should be an 


order of magnitude greater so that negligible field exists at the 
interface of the ring and coating. Discharges in any voids that may 
be present are avoided and high currents can flow without heating the 
coating. The maxamurn thickness is theoretically unlimited, but in 
the case of vacuum deposited films is dependent on the ability of the 


film to withstand the severe thermal stresses involved. 
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CHAPTER 3 
THIN FILM DEPOSITION 
3.1 Introduction 


Due to the refractory nature of both alumina and titanium, 
Sputtering was selected as the deposition technique for coating the 
titania discs. For this purpose there was constructed a system which 
was eventually to be incorporated into the optics processing facility 
of the Department of Electrical Engineering. The majority of this 
chapter is devoted to a description of that sputtering system and 
observations made on some of the films obtained. This is supplemented 
by a description of the copper edge coating using more conventional 
vacuum evaporation. The last section summarizes the procedure for 


preparing the discs for eventual testing. 


3.2 Physical Sputtering 


3. ell paciegr aid 

Over a century ago it was observed that in glow discharge tubes 
an Opaque deposit developed on the glass adjacent to the cathode 
[58]. This film resulted from cathode disintegration under the 
influence of the ionized gas molecules accelerated towards the cathode. 
This process became known as cathodic sputtering. One of the earliest 
vacuum deposition techniques, it was later superseded by vacuum 
evaporation since the pressure required to support the glow discharge 


(v.1 torr) was not conducive to critical optical coatings. 
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More recently, due to the demands of the semiconductor industry, 
sputtering has been revived and films comparable to those evaporated 
have been achieved by an extensive re-thinking of sputtering system 
philosophy [59]. Instead of utilizing a low vacuum glow discharge, 

a plasma is created by using a hot cathode to generate electrons of 
sufficient energy (.50eV) to ionize the enert gas, usually argon [60]. 
By confining the ionized gas with a magnetic field, a plasma beam is 


established between the anode and cathode. 


In a second adaptation, an additional third electrode is 
introduced and biased negatively with respect to the cathode. Instead 
of sputtering the cathode, the positive ions are accelerated to this 
target electrode. The molecules ejected from this target are then 
deposited on an adjacent unbiased substrate. A simplified representation 


of the sputtering process is given in Figure 3.1. 


3.2.2 RF Reactive Sputtering 


In the above it is apparent that only conducting materials can be 
sputtered, since the impinging ions would charge the surface of an 
insulated target and in time halt the process. However, if the target 
bias is a high radio frequency voltage, sputtering of the insulator occurs 


in the same manner as for a conductor. 


The exact nature of the sputtering process is not fully understood 
despite considerable research conducted over a great many years. The 
simplest explanation is that A” ions accelerated through several hundred 
volts have sufficient energy to travel a few atomic layers below the 


surface of the target material [61]. Most of the ion energy is dissipated 
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in collisions with the target molecules and is manifested by heating 

of the target; however there is some momentum transfer to molecules 
which are emitted from the target with energies substantially lower than 
those of the incident ions (i.e. 16eV for Pt [62]). The ratio of 


sputtered molecules to incident ions is termed sputtering yield. 


The temperature rise at the surface of an insulator target could 
be sufficient to cause some decomposition and reduction of a dielectric 
such as alumina. The stoichiometry of the mass transfer mechanism 
must also be considered: in Al,0. the different atoms have different 
sputtering yields and also might be pumped from the vacuum at differing 
rates; therefore on recombination at the substrate there is an oxygen 
deficiency. The effect of the molecular energy dumped at the substrate 
is a third possible cause of a reduced alumina film [63]. To overcome 
this disability, a partial pressure of some active gas, in this case 
oxygen, is added to the normal argon pressure. This reactive sputtering 
technique ensures that the film has properties similar to the original 
target material, but the presence of the active gas tends to reduce the 


sputtering rate to a half or quarter of that in pure argon [64]. 


The main advantage of sputtering over conventional vacuum 

evaporation are: 

1. The capability to deposit high melting point materials, 

2. The higher energies of sputtered molecules (10-30eV) in 
comparison to the thermal energies of evaporated material, 
resulting in denser, more adherent coatings. 

3. A deposition rate which is constant for any specified set of 
parameters (voltage, pressure, temperature) and therefore 


readily controlled. 
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4. The use of a target which may be considered infinite in 
contrast to evaporation sources which must be replenished 
regularly. | ee ; 

5. The use of a cathode which may be effectively hidden from the 
the substrate and target, in contrast to evaporation where both 


the source and the substrate see the hot filament. 


The main disadvantage of sputtering, in addition to the increased 
complexity of the system, is the lower deposition rate necessary to 


prevent excessive heating of the substrate. 


3.3 The Sputtering System 


3.3.1 General Description 


Operationally the sputtering system may be divided into three main 
elements: the vacuum station and the sputtering chamber, both in the 
center of the photographic view, Figure 3.2; and the RF supply situated 


in the left foreground. 


The vacuum pumping station incorporates an Edwards 6" oil diffusion 
pump with a liquid nitrogen trap. The mechanical forepump is also used 
to rough out the sputtering chamber. Located on the front panel are 
the vacuum system controls, the vacuum gauge control unit and the elect- 
rical supplies for the plasma beam. Thermocouple gauges and two - 
Penning cold cathode gauges monitor the pressure inside the vacuum pump 
and the sputtering chamber. A butterfly valve isolates the vacuum 


system from tne sputtering chamber which sits on top of the vacuum station. 


The stainless steel chamber is .3min diameter and .2/7m high. 


The cathode and anode are mounted on detachable components bolted to 
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Figure 3.2 Thin Film Deposition Facilities: RF Power Supply, 
Sputtering Chamber and Vacuum Evaporation System 


Figure 3.3 View Inside Chamber during the Sputtering of Alumina 
onto a Titania Disc , 
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two ports on opposite sides of the circular wall. Access to the 
Sputtering chamber is through a 4" viewing port at the tront,.or for 
larger items, through the top after first hoisting the plate which 
carries the target. Inside the chamber is a watercooled substrate 
table and a fan-shaped shutter, both cen may be rotated from outside 
the vacuum by means of sealed mechanical couplings. The shutter can 

be placed between the target and the substrate to interupt the coating 
process. The individual 4" diameter sputtering targets are site ted 
onto copper backing plates with high temperature conducting epoxy and 
are screwed into the RF sputtering probe mounted in, but electrically 
isolated from, the top end plate of the chamber. The top plate also | 
leariee the watercooling lines for the target, the probe matching 
CIVEUTTS (inside an interlock protected cabinet) and the control valves 
for the sputtering gases. The anode is a 5cmdisc of molybdenum and 

the cathode simply a 10 cm length of .5 mm thoriated tungsten wire 
formed into a three turn helix about 1 cm in diameter. Provision was 
made for two separate filaments in order that sputtering could be 
continued for long periods without the necessity of breaking the vacuum 
oe replace filaments. The anode, cathode and also the two adjacent 


magnet coils are watercooled. 


The other part of the system is a McDowel 1 Electronics RF supply 
operating at 13.65 MHz. It is capable of supplying up to 1 kW of RF 
power to the target probe. Witerroeke were added to interrupt the power 
source in the event of an open filament or a decrease in pressure which 
would result in the beam being extinguished and a mismatch in the probe 
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3.3,¢ Operation 


Figure 3.3 shows a titania disc being coated. The anode and 
cathode jare out of the. line of vision to the left and right respectively, 
but the plasma. beam, about 7 cm in diameter, can be distinguished 
between the 4" alumina taraet at the top ae the titania disc on the 
substrate table 10 cm below. 


iy torr, the filament, passing 


In an argon pressure of 4 x 10° 
20 amps at 12 volts, will support an argon plasma having the following 


parameters: 


Anode current 1.5 amp 


Anode voltage 49 volts 


The plasma is confined by a magnetic field of 100 G (maximum on axis) 
generated by a current of 20 amps at 12 volts through the coils near 


the anode and the cathode. 


In sputtering alumina, the argon pressure was set to 4 x 107" torr 
using a controlled leak valve and then oxygen was introduced through a 


second valve to bring the indicated pressure to 6 x io" torr. It was 


necessary to increase the pressure momentarily to 1077 


torr to first 
initiate the discharge. Previously, in the RF supply, the grid and 
plate coils had been tuned for maximum power into a dummy load, so that 
when coupled to the target probe it was only nace aa to match the 


probe using a coil in the cabinet above the target to obtain minimum 
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reflected power. The impedance of the probe was 17 kn; an input of 
110W (of which 10 watts was reflected) giving a target voltage 3.7 kV 


peak to peak. 


To sputter the titanium target only the argon atmosphere was 
used and the required DC voltage of 5 kV at 70 ma obtained from a 


conventional glow discharge supply. 
3.4 Characteristics of Sputtered Films 
3.4.1 Measurement of Film Thickness 


Methods of determining film thickness are adequately reviewed 
in the literature [65-67]. Where the deposition rate must be continually 
| monitored the instrumentation may become excessively complex. This is 
particularly true for the microgram balance and quartz crystal oscillator 
engiee caer and to a lesser degree, for lect: measurements. 
The need for prior calibration of the crystal or the dependence upon 
some other film parameter (density in the balance method, or index ae 
refraction) implies some uncertainty in the film thickness. One of the 
advantages of sputtering is a controllable rate of deposition, thus these 
difficulties are avoided and it is possible to measure film thickness 
more directly and conveniently after coating is completed. Because of 
its simplicity and, if due care is taken, accuracy, the optical inter- 
ference method was selected; however results were occasionally verified 


by some independent measurement. 


Assuming uniform film deposition, one can determine the height of 


a step where a substrate has been partially masked prior to coating. If } 
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the substrate has been optically polished and an optical flat is placed 
over the step, under monochromatic light, there will be a shift in the 
- interference fringes at the step. The degree of shift indicates the 


thickness of the film according to the well known relation: 


a4 i | eh | eee 8d 


where A = the wavelength. of the light source 


= 
iH 


refractive index of the film (1.76 for A103). 


m = the degree of fringe shift 


A further stage is to overcoat the step with a reflective layer 


of silver or aluminum a few hundred A thick and form a multiple-beam 
interferometer. Fringes become more distinct and any uncertainty in the 
refractive index no longer contributes to error in d (in equation 3.1, 


n can be taken as 1). 


The first application was to determine the Hdpnetetan rate of alumina 
for different input powers in the system built. Ten polished titania 
samples were coated for various lengths of time and the step heights were 
evaluated (two or more steps per sample). In this instance each measure- 
ment was checked by running Falveilet profiles of the step and the 
resulting thicknesses plotted in Figure 3.4. The sputtering rates from 
this diagram are valid for the farameters of section 3.2.2, but changes 
in the sputtering atmosphere (either the gas or pressure) [69-70], the 
target to.substrate distance, or the beam shape will affect the rate so. 


that two or more calibration tests are best conducted before sputtering 
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Figure 3.4 Determination of the Sputtering Rate for Al,04 
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40 
onto the final substrates. 


During the actual disc coating, the increase of the alumina layer 
could also be monitored by observing: the changes in the colour of the 
film (see Table 3.1). This is not exact, however, and the final thick- 
ness was ascertained using monitor substrates of Ti0, or quartz 
placed next to the discs. A masked quartz flat may be seen to the left 


of the titania disc in Figure 3.3. 


For the sputtering of titanium,the critical parameter was film 
resistivity measured during sputtering and immediately after exposure to 
air. The actual deposition rate was measured by depositing a thick 


film and using the interference method. 


3.4.2 Sputtered Alumina Films 


Certain properties of the alumina films sputtered are of interest. 
Films were deposited on substrates of titania, quartz and glass, and 
compared for thickness, mechanical strength, chemical resistance and 


thermal behavior. The following general observations were made. 


All films underwent some reduction, the degree depending upon the 
applied power level. They had a slight grey discoloration, which 
disappeared on heating. The electrical measurements described in 


section 3.5 would confirm this conclusion. 


Films deposited on glass were consistently thinner than those 
simultaneously deposited on quartz or titania. The sticking coefficient, 
the parameter indicating the number of incident sputtered molecules that 
stick to the substrate, decreases with temperature [72-74]. Evidently 


the lower thermal conductivity of the glass contributed to a lower 
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Table 3.1 - Characteristic Colours of Thin Transparent Films 


(after Banning [71]) 


thickness 

ar 

n 
] 


bluish-white yellow 
A/4 Ist max imum white magenta 


yellow | blue 


Ke ASE minimum magenta | white 


blue yellow 
3/4 2nd max imum greenish-white magenta 
yellow blue 
minimum magenta greenish-white 
blue yellow 


5/4 3rd maximum green magenta 


notes 1. Optical thickness is in terms of wavelengths of green light 


(A=5550 A) corresponding to the peak response of the human eye 


n 
a > 1 is for ZnS (nj=2.35) on glass (n,=1.4) or for our case 
2 | | 
Al,0. (n)=1.76) on glass or quartz 
n 
1 ; 
3. rye hii sefor Na ,AlF 6 (n)=1.35) on glass or for Al,04 on Ti0, 
(n,=2.61) 


4. The intentsity of the colour increases with the ratio of 


refractive indices 
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effective sputtering rate. This is relevant in that even in identical 
materials, a difference in the bulk thickness could result in different 


surface temperatures and hence affect the sputtering rate. 


Using Table 3.1, Fi lins were compared prior to, and after heating 
to 800°C. The optical thickness was greater immediately after 
sputtering than after subsequent reoxidation; that is, the colour shifted 
towards Ac loner order. Two possible explanations exist: either the 
density of the film increased, making the true thickness less or; the 
refractive index increased. Multiple-beam interferometry indicated 
that the physical thickness changes very little; hence the refractive 
index of sputtered alumina is less than 1.76 and due care must be taken 


in applying equation 3.1. 


The films obtained were resistant to moderately concentrated 
acids and bases; however the films could be removed by applying a 
concentrated solution of sodium hydroxide heated to about 50°C. After 
two hours, the film was apparently lifted from the substrate, possibly 
by the solvent action of the base attacking the thinnest portions of 
the film and then acting at the alumina-titania interface. Titania so 
treated appeared slightly etched a the procedure is not recommended 


since repolishing of the surface would be required. 


The adherence of the films was excellent. Only the application 
of a sharp point would result in scratching of the surface. One problem, 
encountered with films thicker than 4 um, was the thermally induced 
mechanical stress which arises. when the surface of the substrate, heated 


by the source or the impinging molecules, cools after deposition is 
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completed. These films tended to flake, and heating of the substrate 
did not anneal the film but only accelerated the flaking. The only 


apparent solution was to lower the sputtering rate. 


The best films were obtained after careful cleaning of the 
sputtering chamber and of the substrate. The presence of oil or water 
vapour from the pumps or coolant systems is detrimental to the film, and 
any particles settling upon the substrate mask the surface and create 


thin points in the film. 


3.4.3 The Sputtered Titanium Film 


Because of its inherent reactivity with atmosphere, the thin 


titanium film was much more difficult to produce. 


The titanium target,upon being exposed to air, develops an oxide 
layer which takes some time to sputter away each time. The procedure 
followed after unsuccessful attempts to obtain a good film was to place 
the shutter between the target and the substrate and to presputter the 
target for 15 minutes. To lay down the 30 to 50 A necessary to prevent 
secondary electron emission, the shutter was removed for about 25 
seconds and then the discharge extinguished. Even by this method pre- 
cautions had to be employed. The shutter, originally a thin sheet of 
molybdenum, was modified to allow watercooling since the shutter would 
heat and contaminate the substrate from its underside. The substrate 
had to be surrounded by a glass cylinder to shield it from the cathode 
and from particles apparently emitted from Ceci table during 
the presputtering period. The shutter was also sandblasted and cleaned 


between coatings. 
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Monitoring of the film resistance posed difficulty due to 
heating of the monitor substrates (usually of glass) and because of the 
ion and electron currents in the chamber. A circuit, which may be termed 
an AC ohmmeter, was built to filter out the noise generated by the beam. 
Figure 3.5 is the schematic of the circuit which comprises a high 
input impedance amplifier, a high Q active filter and a 1 KHz multi- 
vibrator driving both the reference supply and the synchronous demodulation 
chopper. With the appropriate choice of feedback resistors, the output | 
voltage is proportional to the resistance between two gold-plated 
contact points on the glass substrate. The useful resistance range 
was from 102 to 100 kn with the beam on. Ordinary ohmmeters may be used 
but require the beam to be turned off. Trouble is encountered during 
this off period since very thin films oxidize rapidly even within the 
chamber, and the resistance reading will no longer be indicative of the 


true thickness. 


The degree of resistance change on OE the films to 
atmosphere, as a function of the initial film resistance, is illustrated 
in Figure 3.6. Table 3.2 relates film resistance to sputtering time 
for two cases: in coating of the discs the 7kQ film was used, correspond- 


ing to a thickness of about 30 A. 


The titania discs, after coating, were allowed to sit in the 
vacuum to cool before exposure to air. In this way, good quality, 
repeatable films were obtained. Of course these were dependent on the 
condition of the disc surface. For this purpose a conventional 


toluene-acetone-alcohol-distilled water sequence was followed for cleaning 
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Figure 3.6 Change of Titanium Film Resistance on Exposure to Air 


Table 3.2 Sputtering of Titanium Films 


Sputtering Surface Resistance 
Duration 


150 K% 
20,2 30. K 

10 K 

7k 

5 K 


Heeso | 
argon 
5 KV DC (80 mA) 


torr 


60 Ayinin | 


ee eh 
argon 
3 KV DC (55 mA) 


torr 


fe] 
42 A/min - 


resistance measured within one minute of exposure to air: 


in the last two cases resistance increased to 40 K and 1.7 K 


respectively after 4 hours in air. 
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of the disc. - 


3.5 Effects of Sputtering onto Titania Substrates 


3.5.1 ‘Heating in Vacuum 


“Hayes [75] compared a number on titania ceramics at various 
temperatures but did not indicate the actual composition of the 
particular samples. He reported that all specimens were stable up to 350°C 
but that most demonstrated surface reduction above this temperature. 
To obtain more relevant data for the ceramics to be used, a number of 
samples with Ey ranging from 63 to 96 were heated in a vacuum furnace, 


the surface temperature being monitored by an optical pyrometer. 


Samples of TM63, TM76 and TM84 all underwent a distinct rate. 
ition from the normal straw yellow colour to a dark grey between 300 
-and 400°C. TK86, TK92 and TK96 all showed slight surface discolouration 
at 400° and gradually darkened at temperatures above 500°C. The change 
was irreversible in vacuum, the original colour returning only after the 
samples were heated to 800° for at least one hour in atmosphere. Re- 
oxidation took much longer at temperatures below 750°C. It was also 
noted that whereas the discolouration of the surface was uni form for the 
other samples, in the case of TK96 ceramic, the greying was in patches, 


creating a speckled effect. 


3.5.2 Reduction During Sputtering 


The samples were sputtered with a layer of A103. RF power 
application levels of 400 watts resulted in reduction of the surface 


within a few minutes before the alumina could effectively seal the 
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surface, but at 200 watts the rate of reduction was far slower and at 
100 watts there was only very slight reduction.over 10 hours. After 
removal from the sputtering unit, the coated samples were heated in air 
to 825°C. The grey discolouration of the reduced discs gradually 
disappeared, being replaced by numerous black spots approximately . 1mm 
in diameter beneath the surface of the alumina. Since the density of 
the spots varied with the sputtering power and additional heating did 
not have any effect, it was presumed that the alumina layer obtained 
after 10 hours of sputtering was sufficient to seal the surface, the 
spots being caused by oxygen migration beneath the alumina developing 


localized points of reduction within otherwise oxidized regions. 


Since it was evident that some reduction was occurring even at 
100 watts, coatings of different thicknesses were deposited on other 
samples. After reoxidation at 825° the samples were compared. For 
layers less than 300 A, the surface was sealed for temperatures under 
800°C; however at 825° the titania could still be reoxidized. From this 
a definite procedure could be established for mass coating of the discs 
to be tested. A preliminary coating at 100 watts (about 300 A/hour) 
was applied for one hour, after which the discs were oxidized in air at 
825°. To prevent thermal shock, a lengthy cooling period was allowed 
before returning the discs to the sputtering unit to complete the 
alumina coating at 100 watts or higher power. On removal, the discs 
showed a slight surface discolouration evidently due to the reduction of 
the top layers of the alumina, since after reheating to 825° again, the 
discs would take on the normal straw yellow colour superimposed with the 


colour fringe characteristic of the layer thickness. 
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One unfortunate factor in this procedure was the degree of high 


temperature cycling that Ti0, can undergo: any more than 4 times to 825° 


2 
apparently increased the probability of the ceramic cracking. Of the 

12 discs so treated, only 2 developed cracks after two cycles but in 

these cases the discs had been previously chipped in transit, possibly 
increasing the chance of failure. One possible reason for the fractures 
may have been the temperature differential across the disc during 
sputtering. The table supporting the discs was water-cooled whereas 

the upper surfaces of the discs were relatively hot. Surface temperature, 


measured using an optical pyrometer was 260°C at an applied power of 


220 watts. 


On one occasion it was found necessary to evaporate a silver film 
onto some 110, samples. Although they were placed about 25 cm from the 
evaporating source, all three discs were reduced to various shades of 
grey within the 2 or 3 minutes required to evaporate the silver. Al,03 
coating was not attempted by this means, but the higher temperature 
essential for the evaporation of the alumina would obviously reduce the 


surface before any alumina reached the titania. 


3.5.3 Resistivity Measurements 


Using a Keithley electrometer, resistance measurements were 
carried out on the samples used in the sputtering tests. Surface 
resistance in ohms/square was measured by painting two parallel 2 cm 
lines 2 cm apart on the surface of the discs using conductive paint: 
bulk resistivity by painting 2 cm diameter eurcies on opposite faces of 


the discs. The results for variously treated discs are listed in Table 
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Table 3.3 -(a) - Surface Resistance of Titania 


Condition Size Resistance 


sputtering target 1D tere. dhepvowesb ml nach@. (4c 


unpolished surface : 2.8x10! | 


polished, uncoated .42-.56| 3.3-14x10!! 


coated, reduced : 1.5-2.9x10 
coating removed i 1.4x10 
oxidized - 2.9x1012 


coating reduced 
oxidized 


polished, uncoated 

polished, coated 
speckled 

oxidized(one only) 


coated, oxidized ; - i .5-1x10 


(b) -. Resistivity 


sputtering target 10cmdia X .65cm | |. 6x10! 90 cm 


unpolished Xnte 6 1.2x10!4 


10 


polished, coated X53 5.9x10 


reoxidized i 56 2.9x10!2 
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3.3, the figure in parentheses indicating the number of discs in certain 


CASES. 


Most noticeable is the relatively low resistance of the reduced 
discs compared with untreated samples and the improved characteristics a 
of the alumina coated discs, especially after reoxidation. The highly 
reduced disc also demonstrated a Q10% lower than an untreated disc 


__in microwave measurements. 


3.6 Edge Coating of the Discs 


Since copper was chosen for edge coating, ordinary vacuum 
evaporation was used to obtain the thickest film possible. One or more 
titania discs were mounted in a motor driven jig which rotated at a few 
rpm while the copper was being evaporated,to ensure uniform coating 
of the entire circumference. Two or three successive evaporations, each 
of a few grams of copper, were sufficient to give film thicknesses of 


10-to 15um when the source to disc separation was about 12 cm. 


The film thickness was measured by micrometer and compared to. 
resistance readings between points diametrically opposed on the circum- 
ference of the discs. For the given resistivity of copper, the 0.12 ohms 
typically observed was five times too high for the physically measured 
film. This would be expected considering that the edge was neither 


lapped nor polished, but only given a ground finish. 


By sandwiching the titania discs between two aluminum discs of 
the same diameter, the end faces were masked from the evaporation source. 


These also acted as heat sinks to prevent reduction of the titania during 
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coating. 


3.7 Preparation of the Titania Discs 


3.7.1 Machining of the Discs 


The titania discs as received from Schaefer Dielectrics were 3 1" 
in diameter and +" thick. After determining the optimum dimensions to 
obtain the required resonant frequency with unity coupling, the final 
size was specified as 8.022 cm in diameter and .54 cm thick. The titania 
was first ground to correct diameter, then thickness reduced to within 
.15mm of the final thickness on the same rotary grinder. The disc faces 
were lapped down to the required thickness prior to polishing both 


surfaces to an optical flatness of \/2 in preparation for coating. 


3.7.2 Sputtering of the Alumina Layer 


The discs were carefully cleaned using a toluene-acetone-alcohol- 
distilled water sequence and placed on the watercooled substrate table 
in the sputtering unit (see Figure 3.3), ensuring that no dust particles 
settled on the surface of the titania during this operation. The discs 
were then additionally cleaned in vacuum by electron bombardment for 10 


minutes. 


With the parameters specified in section 3.3.2, 100 watts of RF 
power was applied for 60 minutes to each side of the discs. The titania 
sustained some reduction during this operation so the discs were removed 
from the sputtering chamber and heated to 825° at atmosphere to permit 
oxygen diffusion through the alumina layer for reoxidation of the titania. 


After allowing sufficient time to cool naturally the discs were replaced 
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in the chamber and 100 watts reapplied for a total of 30 hours to each 
side. In practice three discs could be coated at once in the chamber | 
by rotating the discs regularly to ensure a uniform layer thickness. 

The final thickness was about 1.um, (the actual thicknesses for the 

| different discs are given in Table 5.2). Even with oxygen reactive 
Sputtering, reduction of the alumina did occur. Hence following the 
procedure described in the preceding section, the discs were again 


heat treated to 825°, 


3.7.3 Rim Coating and Fitting of the Copper Ring 

Copper: coating of the rim has been described in section 36% 

The copper ring, machined 0.1 mm undersize in diameter, was fitted by 
| heating the ring and disc to 150° on a hotplate and using the different- 
jal expansion of the two materials. An alignment template was used to | 
ensure ring and disc surfaces were parallel while cooling. The completed 


disc was then ready for testing except for cleaning and coating with Ti. 


3.7.4 Titanium Surface Coating 


After all the low power tests were completed, the discs selected for 
Ti coating were carefully cleaned and placed in the sputtering unit, 
being left to degas for a few hours. A shutter was placed between the 
disc and the Ti sputtering target and 5 KVDC applied in a 4 x 10°* torr 
Argon atmosphere to presputter the target for 15 minutes. In this manner 
the surface oxides on the titanium target were removed and a relatively 
clean Ti source was present for the short period that the shutter was 


removed to obtain the required coating (this was 25 seconds for a coating 


with a surface resistance of 7kn/square). The discharge was turned off 
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and the disc allowed to sit in the vacuum for several hours to cool. 
The disc was. then turned over and the procedure repeated. The coated 
disc was assembled into the test cavity immediately to prevent un- 
necessary oxidation of the Ti layer. For the single disc Cavity: the 11 
coating was applied to discs individually because of the time between 


tests, however, it was possible to coat three discs at a time. 


3.7.5 Some Comments on Ceramic Preparation 


Tn aPotess ing ceramics fatalities are bound to occur. Of the 
total of 21 discs available at one time or another; two were | 
accidentally but irreparably damaged by thermal shock in preparation; 
two were chipped in machining but salvaged for useful testing; two 
developed minor cracks while being sputtered; and two were slightly 
chipped in fitting the copper ring. Fortunately 17 of. the discs were 
Suitable for testing, but the failures indicate that ceramic is very 
temperamental especially when heated and due caution must be observed in 


preparation and handling. 
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CHAPTER 4 
THE SINGLE CELL MICROWAVE CAVITY 
4.1 The n- Mode Structure 
4.1.1 Introduction 


The accelerating field in a dielectric loaded linear accelerator 
is obtained by exciting a cylindrical cavity in the Moin mode. The 
cavity length is n Agles such that the travelling waves forming the 
cavity standing wave field have a phase velocity Vy = c, and electrons . 


of sufficient initial velocity gain energy from the axial electric 


Ey 


Figure 4.1 The Single Cell Cavity 
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field of the component travelling waves. If the structure is loaded 

with n equally spaced discs, the phase change of the electric field 
between discs is 7, and the structure is said to be operating in the nr 
mode. Such a structure is spatially periodic and fields rg apart are 
identical with an axial field node at the center of each disc and an 
anti-node halfway between adjacent discs. Thus by placing ; shorting 
plane at any anti-node position there will be no perturbation of the 
field pattern. In this way the same field pattern that exists ina 

long structure can be generated using a cylindrical cavity of length 


rgl2 with a single disc, as shown in Figure 4.1. 


4.1.2 Field Relationships 


The standing wave fields in a ™Mo1] mode cavity are [76]: 


EO = Ed tk r)ceskz eJut 4.1(a) 
Ee Ke Foy {kor )sine2 glut ; 4.1(b) 
H, - fe* Egy (Ke )oosez eJut . 41-(c) 
a ae ea a | 4.1(d) 


where y = j8 for a wave above the cut-off angular frequency We Using 


the conventions in Figure 4.1, in the vacuum region (subscript o) we 


get: 
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and in the dielectric (region 2), 


jut 


Ei = Endo (k.r)sinBon e 4.3(a) 
Bes Me "2 es (k_r)cose edt 4.3(b) 
Po Kee ls ge a 
jue : 
ee 2 ; jut 
He = Ket EoJ,(kr)sinBon e : 4 3e) 
At the interface, z=p, n=q, the components must be matched. 
L 6 7 Do 
E Jy (kr )cosB.p = End, (k r)sing.q 
or 
COSBOP . 
ene, = sinB.q Ege, 4.4 
Similarly the condition Eo erg yields the equation 
EQ SinBoP = E,COS84q 4.5 
Combining 4.4 and 4.5 gives the conditional equation: 
Boe B 
26 a 
tan @.p tan.6.g = =——'= 4.6 
0 2 By Eo - Bo 


The propagation constants for the vacuum and dielectric regions are 


derived from equation 4.1(d) and are respectively: 
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ne is the wavelength corresponding to the cut-off frequency f. and for 


TMoy modes is 2.613R (R is the inside radius of the cavity). 


4.1.3 Cavity Dimensions 


Equation 4.6 relates the cavity variables: the dimensions, p, 
q and R; the dielectric constant Ee.) and the resonant frequency fo: 
For titania, E,=99, but the other quantities are arbitrary provided they - 


Satisfy the conditional equation. 


It willbe seen later in Chapter 9 that. in a practical structure 
the ratio <_ will be fixed by a constraint placed on equation 4.6, but 
for the a fee of the initial breakdown research de was specified 
aa that the cylindrical cavity could also operate in the Toi 0 mode 


when the disc was omitted, to enable comparison between the two modes. 


The high power magnetron to be used was only tuneable through a 
narrow bandwidth of 2864 to 2874 MHz, with the most decirablé frequency 
at 2868 MHz. Therefore for the TMo10 mode he . 10.453 cm and the 
corresponding cavity radius ( = ae 3) was 4.005 cm. In practice the 
radius required to obtain this frequency was 4.011 cm which corresponds 
to a theoretical cut-off frequency of 2860.5 MHz. The difference was 
due to the perturbing effect of the iris used to couple power into the 


cavity. 


An arbitrary restriction was placed on the minimum cavity length 
to permit shortening later to form part of a longer accelerating 
structure. Setting p = .030 m and substituting the above quantities into» 


equations 4.1(d), 4.7 and 4.8 the following relations were obtained: 
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Cavity Top Section Vacuum Pumping Aperture 
(OFHC Cu) . 


Figure 4.2 Cavity Geometry (dimensions in cm) 


Table 4.1. Summary of Cavity Dimensions for Disc #8 


calculated actual 
radius R (cm) 


disc thickness 2q (cm) 


ring thickness t (cm) 


vacuum length (cm) 
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The calculated disc thickness for a 2868 MHz resonance was 2q = .5067 cm. 
Again in practice the coupling iris made it mandatory to increase the 


disc thickness by 5% for the designed frequency. 


Figure 4.2 illustrates the cavity used for the initial high 
power tests. Calculated dimensions and those actually used for one 


particular disc (#8) are listed in Table 4.1. 


As expected the resonant frequency was more dependent upon q than 
p. The vacuum distance p was increased up to 5% with little or no change 
in fo: The disc thickness was the parameter utilized to vary the cavity 
resonant frequency. The actual thickness-frequency relationship is 


plotted in Figure 4.3 for different coupling parameters. 


4.1.4 Cavity Coupling Calculations 


Power is coupled from a rectangular waveguide into the cavity 
through an iris in the center of one end wall of the cylindrical cavity, 
the rectangular TEG) mode exciting the Moin mode within the cavity. 

To indicate the amount of incident energy coupled into the cavity there 
is defined a coupling parameter, Bo» which can be related to the measured 
voltage standing wave ratio in the main guide. For an undercoupled 
cavity, Be = 1/VSWR; whereas for overcoupl ing, Bo = VSWR. Only for an 
VSWR of unity (8.=1) is the cavity matched to the main guide, all 


incident energy being dissipated in the cavity. 
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The coupling parameter is defined in terms of the various Q's 


of the guide and cavity circuit. The Q of a circuit is given as 


a ae Cte pees 4.9 


where Ng is the cavity resonant angular frequency; U, the energy stored 
in the cavity; and Wl, the average power dissipated. The unloaded % is 
Simply the Q of a cavity which is not coupled to any external circuit 
~and consequently is not directly measurable. ot is the actual 
measurable loaded Q of the cavity when coupled to one or more external 
circuits and includes power loss from the cavity through the coupling 
iris. The external eats is introduced to relate % and a, and 
includes only the internal energy and the external (iris) losses. If 
are the internal and external losses respectively, the 
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problem, Slater [77] derived the relation 
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2 2 
] = 2ry2 aoe | aay, aut 4.12 
Qext 8 2 2 ee 
firey da f\e, dv 
Oo O 


where yr is the iris radius and EY and ES are respectively the fields 
in the rectangular and circular guides. If the TMo10 mode is considered 
(g=0 in equation 4.1), this reduces to 


2 2 
be ee 18 


Qaxt 8 Bet or 8D Nf Rie} 
b fy sin’ n/ ex fe, Jo (Ke)2npldp 


(0) 


Evaluating and substituting a=3.4 cm, b=7.21 cm and values from section 


dBi 
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For a 6.775 cm long cavity with a measured Qr = 8000 (section 5.3) the 
required iris radius should be 0.757 cm. In fact, the actual iris used 
had a diameter of 0.9 cm (with slight overcoupling). This discrepancy 
can be accounted for by considering the attenuating effect of the iris 


which has a finite thickness, and behaves like a short section of 


circular guide below cut-off. Attenuation in the cut-off guide is 


ae 54.60 (sa) Way eee 4.14 


2h. 


and for the particular iris used, a = 22.65 dB/cm. The iris thickness 


was .17 cm giving an attenuation of 3.85 dB or a transmission of .412. 


] 176 


Correction of iris radius by the term ( AT? yields r = .878 cm which 
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is in better agreement with 0.9 cm. 


Since the iris radius was fixed slightly oversize, the final 
matching was accomplished by adjusting the position of the vacuum sealed 


short terminating the rectangular guide. 


In evaluating equation 4.12 a TMo10 mode was assumed. In the 
case of the ™o14 mode the volume integral in the denominator is 
effectively reduced by the factor oe since the field in the 
dielectric is much lower than the field in vacuum. However this is 
counteracted by phewanerease in loss due to the aveleciiae and a 
corresponding decrease in 5 and ext: In section 5.2 it will be seen 
that there is little difference in the field patterns of the two modes 


near the iris. 


4.2 Construction of tne Cavity 


4.2.1 Geometry 


The required dimensions for the cavity have been given in section 
4.1.3. Two cavity halves were machined from 4" diameter OFHC copper, 
allowing a suitably thick wall for mechanical strength. The bottom half 
had an end wall of .15 cm thickness with the 1.8 cm diameter coupling 
iris; whereas the end wall of the top section had a thickness of .5 cm 
to allow mounting of a coaxial probe through the -6 cm diameter coupling 
hole in the center. To seat the dielectric disc a step was machined in 
each cavity half to fit the copper ring that was shrunk onto the aise: 
For maximum contact on the inner surface of the cavity, the step was 


tapered to ensure maximum pressure at the inner edge of the ring when the 
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Cavity Top Section 


S/S Clamping Ring 
(only one half 
shown: hose clamp 
is also omitted) 


Cavity Bottom 
Section 


Cavity Seat Soldered to S-band Waveguide 


Figure 4.4 Cavity Assembly and Clamping 
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66 
two cavity halves were clamped together. 


4.2.2 Clamping of the Cavity 


Initially the cavity sections were placed in the cavity mount 
and clamped together rains a backing plate over the top cavity with four 
rods extending to the mount. After a number of tests this method was 
abandoned since uniform contact pressure could not be ensured and the 
cavity edges and ring may be distorted, especially when heated. To 
prevent this and to increase portability (to allow the removal of the 
clamped cavity from one cavity mount to another) the cavity halves were 
modified to the design shown in Figure 4.4. A groove was machined at 
45° into each half; a sectioned stainless steel ring with the inner 
surface machined to mate with the grooves was then placed around the 
cavity. An ordinary 4" diameter pipe clamp was tightened about the 
S/S ring, forcing the sections of the ring together and consequently 
drawing the cavity halves together on the copper ring. — The pressure 
was thus uniform on the entire circumference of the cavity and the 
cavity edges not deformed. Logically this was extended to longer cavity 
sections and enabled the insertion of single discs in a structure without 
destroying the seating of other discs, enabling repeatable measurement 


of cavity parameters. 


4.2.3 Cavity-mount Contact 


Simultaneous with the new clamping arrangement, a groove of semi- 
circular cross section was machined into the bottom cavity half, 3mm 


from the end. A 28cmlength of 3mmdiameter helix spring was made 
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from .5mm diameter spring steel and formed into a loop to fit in the 
machined groove. The outside diameter of the loop being greater than 
the outer diameter of the cavity, it was compressed when the cavity was 
rotated to seat it in the cavity mount, giving good electrical and 


mechanical contact in the same manner as in microwave tube installation. 
4.3 Thermal Effects 
4.3.1 Introduction 


The energy dissipation per unit volume in.a dielectric subjected 
to a microwave field E, is 1 let If the field is non-uniform through 
the material, then the resulting heat generation and temperature rise will 
not be the same at all points in the dielectric. For any material with 
a non-zero coefficient of thermal expansion there will be a thermally 


induced stress within the material. 


Taking the electric fields given in equation 4.3, the dissipation 


at any point in the dielectric is: 


2 
2 B 
5 clEl = FoEe(d° (kr) sin’ Bon + ~, 3,7 (kr )cos“657) 4.15 
. Kg 
2 . 
For the .54 cm thick disc of section 4.1, the factor Ey is plotted versus 
2: 
r/R and n/q in Figure 4.5(a). From this can be derived a contour diagram 
: 
in £2 (Proportional to energy density and also the dielectric loss) in 


the r-n plane. Figure 4.5(b) is necessarily not to scale since q = .2/7 
cm and r = 4.011 cm, but does indicate that maximum dissipation occurs 


at n= 0 and r = .765 R, the field being entirely radial. 
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Energy Density (in terms of E 


Normalized Disc Radius (r/R) ._ eats 
(a) Energy in Disc (parameter is axial position /q) 


Normalized Axial Position (7/q) 


Normalized Disc Radius (r/R) 
(b) Energy Contours in Disc” 


Figure 4.5 Relative Energy Density ESE 2 through the Ceramic Disc 
For the TMg;, modes, the field is a. function of the 
radial and axial position only. 
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4.3.2 Heat Flow in the Disc 


Since temperature is dependent upon the heat input, Figure 4.5(a) 
would represent the temperature distribution in the dielectric if it 
did not suffer any radiative or conductive heat loss. However, in 
practice the surface at _r=R is in contact with an effective heat sink, 
namely the copper wall of the cavity, and the surface n=q radiates into 
vacuum; therefore the temperature distribution will be modified from 


that suggested by Figure 4.5(a). 


An elemental volume dV with internal heat sources Q,, wiTT 
undergo an increase of temperature and there will be a corresponding 
heat flow out of the volume due to the Kempe ratte staat att! 
Integrating over the volume and taking into account radiation, one 


obtains the balanced equation 


dT a ! 
fe rer aa [rn HS Jveona’*® - fdgqrds a: 


where Qn = = 406" (owe tan 6) 


= -KVT 


Gad roa Fa, 0 
Equation 4.16 is non-linear; therefore before attempting a more 
complete solution, it is desirable to make a few simplifications to 
determine the relative contribution of each term. If it is assumed 
that heat generation is uniform throughout the disc ( Py = Q5V)5 that 
the radiative loss is zero; and that the copper cavity wal] is maintained 
at a constant temperature ics 300°K; then for the case of a short 


cylinder in the steady state, equation 4.16 reduces to the following: 
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from which 
ce Me el a var Ca 
which has the solution [78] 
Pure 2 
T= fa a aa 4.18 
A4nR 2q 


For titania, K = 16 x 1077 cal/em-sec-°C (T<100°C), such that for 
' the disc described in section rine We absorbing 29 watts of RF (typical 


average power at breakdown), the temperature distribution would be 


T= 64 (1---)+T 4.19 


The maximum temperature at the center of the disc would be 364°K. 
Now reintroduce the radiative term and consider the heat loss 
by radiation on the basis of this temperature distribution. Radiation 


from an elemental area of the surface is 


re iis 4.20 


Ovid ds = oper (T(r 6 
Substituting T(r) and integrating over both sides of the disc, the 


energy radiated is 


Zoey { (Tr) - 1," )anrdr = 1.22 watts, 
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indicating that conduction is the more important heat transfer mechanism 


and that the initial assumption Qrad@ O was valid. 


Returning again to equation 4.16 and re-writing it for the steady 


state and Vad but with the specified energy dissipation we obtain: 


th ie Gs Oh" ee 
Rear cae ek ie nA 


Being a non-homogeneous second order partial differential equation in 
two variables, the easiest method of obtaining a solution is by a 
numerical or analog technique. Choosing the latter method, a resistor 
mesh, dimensions of which (4x60), were proportional to the disc half 
thickness, q, and radius, R, respectively, was constructed; the energy 
input being simulated by currents into each of the 5x61 nodes according 
to the distribution of Figure 4.5. Applying the boundary conditions 
V(r=R)=0 and ® (r=0) =0, the measured node voltages represented the 
temperatures at the corresponding points in the disc. The resulting 
normalized values are plotted in Figures 4.6. It is significant that 
the thinness of the disc results in very little axial temperature 
variation, the maximum difference between temperature at the center and 


on the surface being .007, thus allowing simplification in the following 


calculations. 


One analytical function that approximates T in Figure 4.5 within 


3% is: 
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Figure 4.6 
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Temperature Distribution in Ceramic Disc at n=0 
The distribution at the disc surface (n=q) was at most 
.007 lower than at the center (n=0). The two approxim- 
ations to the experimental curve are also shown. 
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A better fit (to within 1.5%) is given by: 
| A(1-3.28r) O<9r 


| T = A(.984)(1-(THy8R)2) 3p < re R | 
however considering the assumptions. applied to aid in the linearization 


ie 


.3R ce 
4.23 


of equation 4.16 (including the assumption that the thermal conductivity 
for titania is constant over a narrow temperature range), the simpler 


equation 4.22 will be used. 


The normalizing factor 'A' in equation 4.22 is proportional to 
the average power absorbed by the disc and can be calculated in the 
following manner. From equation 4.15 the average energy dissipated in 
the disc is: 

Eig. Ie e be 2 ae te 2 2 
Py ae 5 fe [ Jo (kor)sin Bon + me (kr )cos Bo nJdv 4.24. 
Eo in this case being the effective average field strength corresponding 
approximately to E. peak multiplied by the duty factor of the pulse. 


Evaluating over the volume of the disc: 


2 Bits ran 
2 J.°(k_R) B B 
ROY ot oA 73 aR Danae an he ge 
A eeeeh a2 Tes 26,901 ma eas seers 1] 
2 k k 
| C al 
4.25 
and for the standard disc of section 4.1.3, 
: 2o,2 2 
By = 3.493 x 10 3 E. : 4.26 


Substituting equation 4.26 into 4.21 noting that lcal = 4.182 watt sec, 
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Considering only the radial dependence 
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Equation 4.22 provides a good fit for T in the region r=R: therefore 


evaluating derivatives at r=R: 


dT 4,29 
dr Gli 
2 
qT... 4.30 
dr -49R 
From Figure 4.5 at r=R, equation 4.28 becomes — 
: Pp : 
Hs ~ ot x .684x10"° x 25.33 4.31 
.49R 


and A = 1.248 Py. Thus for an input (to the disc) of 30 watts average, 


the temperature at the center of the disc would be 37.4°C above the 


copper wall temperature, Des 


Recalculating equation 4.20 using the temperature function of 
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equation 4.22, for an input of 30 watts, the radiative term accounts for 


only .84 watts of the total. Figure 4.7 illustrates that for power 
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Figure 4.7. Radiative Contribution to Heat Loss from the Disc 
(assuming conductivity is primary loss mechanism) 
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76 
dissipation up to 100 watts, the radiative contribution to heat loss is 
less than 4%. 

4.3.3 Thermal Stress 


For radial and tangential stress in a cylinder with no axial 


variation of temperature, Timoshenko [79] gives the relations 


R ig 
. elgg free i T(r)rdr) 4.32 
R r 
(0) (0) 
] 4 ] : 
Gisie Ey(-T + bf tera By freer) 4.33 
0 0 


where EY is Youngs modulus and a is thermal coefficient of linear 


expansion. Substituting equation 4.22, the equations for thermal stress 


become: 
1925 a EA Di< p< BR 
o. = | o£, A(.10066 + .51024 ( re 4.34 
40816 fF - .0013775 ( Re) man eee aR 
-1925 a EY A Or<"Y < BR 
rye Z 
og = | aE, A(-.10066 + 1.53058 ( F ) 4.35 
81633 £ + .0013775 (2 )*) .aR<r<R 


o.. and Oo, are shown in Figure 4.7. 
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Figure 4.8 
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It should be noted that in evaluating the stresses the compressive 

effect of the copper ring fitted onto the ceramic was not considered. 

ithe rings were .18 cm thick and machined .1 mm undersize in nage pane 
After being heated to fit: around the disc and left to cool, there is 
developed a hoop stress Op (equal to EY x strain of the copper [80]= 

1.1 x 10° kg/em® x p70 CM) = 1.37 x 10° kg/en’. 

This results in a compressive pressure on the circumference of the 

disc given by p = o, “EAMES - 1.37 x 10° x ZB = 61.5 kg/cm 

For a solid disc the resulting radial and tangential stresses are 
constant; both are compressive and equal to p. Taking these into account 


in studying Figure 4.8, the thermal operating bounds for this disc 


geometry can be determined. 


The relevant data for titania are listed in Appendix A. The 
tensile strength of titania is given as 300-800 kg/cm, the crushing 
strength being ten times greater (Table A.1). In the disc, maximum 
compressive stress is at the center (tangential and radial stress being 


equal at this point) and is 
o = .1925 0 EA + 61:5 4,36 
Tiny 


2 or 
Accepting the worst case compressive strength of 3000 kg/cm the limit 
on A would be 1908 (since this is equal to the maximum temperature at 
the center, obviously decomposition would have occurred first). However, » 


if the tangential stress at the edge is considered 


gees OO. 0, EVA - 61.5 4.37 
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and at the lower limit of tensile strength of 300 kg/cm’, A 5 73-48: 
This is a more realistic limitation and corresponds to an average power 


of 58.9 watts. 


Combining equations 4.31 and 4.377 


an tiR | 
12.28 xo sata E f- 61.5 = 300/to 800, be APA 36 


K Tio,¥ 


The uncertainty of nen? EY is probably less than 30%; the hoop stress 
may actually be 50% higher due to machining variations and thermal 
expansion of the ceramic; however as seen from Table A.1 the greatest 
error will be due to the thermal conductivity and tensile strength. 
Figure 4.9 is therefore equation 4.38, plotted within the limits given 
by K and the tensile strength, showing the probability of failure of 


a titania disc due to thermal stresses. 
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Figure 4.9 Operating Limits for Titania Discs Depending on the 


Properties of the Ceramic and the Average Power 
Dissipated in the Discs (the parameter is average power ) 
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CHAPTER 5 
LOW POWER MICROWAVE TESTS 


eal The Low Power Test Bench 


o.1.1 Basic S-band Equipment 


Figure 5.1 outlines the darnanenee of the low power bench. 
Numerous. measurements were to be made over an extended time so that from 
the start the system was envisaged as a fixed unit. The design 
philosophy was to minimize the number of reconnections between measure- 
ments of different parameters. In this way, calibration was simplified, 


resetability guaranteed and consistent results obtained. 


The Signal source was a solid state sweeper (Kruse Storke 
5000 or HP8690) or more usually, a Polarad 1206 reflex klystron with 
an output power of 80 mW. At the other end was a cavity mount fabricated 
from copper S-band guide and a waveguide adjustable short. Inter- ) 
connection of these two elements was by coaxial components which included 


an isolator, wavemeter and three directional couplers. 


As shown, one power meter-crystal unit sampled the output of the 
signal generator, while the other unit measured the power either reflected 
From, “Or transmitted through the cavity, as determined by a coaxial 
Switch. By adding a frequency counter with a transfer oscillator plug- 
in and a D/A converter, the quantities required for the following 
sections could be ascertained. A slotted line could also be introduced 


into the main line to assess the SWR. 
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By disconnecting the test cavity mount and attaching the line to 
the high power cavity, the parameters (Q, SWR) for the cavity under. 
vacuum, immediately prior to the application of high power, could be 
obtained. It was only necessary to make two reconnections in preparation 
for the breakdown experiments. The same low power components were also 


used to measure the high power. 


Two electronic circuits developed to simplify the measurements 


are described in the following sections. 


2.1.2 Polarad Frequency Lock Circuit 


When perturbing the resonant frequency of a cavity, an oscillator 

locked onto the frequency of the cavity facilitates monitoring and 

recording the change of frequency. A number of simple phase detector 
circuits are described in the literature [81-86], and after evaluating 
several, the one in Figure 5.2 was chosen, being inserted in the high 
voltage (600 V) reflector circuit of the reflex klystron. The 5KHz 
oscillator [87] in Figure 5.2 provides two signals: a reference signal 
of 3.5 V pk/pk; and a modulation signal of 0-5 V applied to the FM input 
of the Polarad source, which had a sensitivity of 70 KHz/V. When the 
generator is tuned near the cavity resonance, a 1 volt modulating signal 
will sweep the generator through 70 KHz of the cavity output vs frequency 
characteristic of Figure 5.4, resulting in a detected 5 KHz signal, 
which is amplified with automatic level control [88] and filtered [89] 
in the circuit of Figure 5.3. The phase of aoe 1.2 V pk/pk eign is 
then compared to that of the reference signal in the phase detector which 


applies the necessary DC correction to the reflector to pull the generator 
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Figure 5.4 Output Characteristics of Cavity 
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frequency onto the resonance of the cavity. The generator thus tracks 


the cavity resonance and is also stabilized to better than 1 KHz. 


Since this is a frequency lock circuit there does exist a small 
error between the actual eeennauee and the tracking frequency, but as 
Figure 5.5 indicates, a perturbation of 1 MHz would generate an error 
of <10 KHz, or less than 1%. The capture range of the circuit 
depends upon the cavity bandwidth but is typically 2Af: the tracking 


range is limited to 3 or 4 MHz by the phase detector battery voltage. 


5.1.3 Analog Division Circuit 


In measuring the power reflected from the cavity as the signa’ | 
generator is tuned through resonance a levelled or constant input 
Signal is desirable. This could be accomplished to some degree by use 
of a solid state sweeper such as the HP8690 or Kruse Storke 5000; 


however the Polarad was mainly used due to the higher output power. 
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Since the reflected power is a function of frequency, a circuit was built 


to normalize the reflected or transmitted power in cavity measurements. 
A Motorola MC1494 integrated circuit multiplier [90] with an accuracy 
of 1% was incorporated into the circuit shown in Figure 5.6. By adding 
operational amplifiers and switching, the functions of multiplication, 
division, squaring, and root extraction were obtained. After careful 
calibration the circuit gave excellent results, the reflected power 
from the HP431C Power meter into input Y being normalized to the | 
forward or input power level sampled by the HP432A and fed into X. The 
output was then plotted versus frequency on an X-Y recorder. In 


addition, the circuit was used to determine the square root of the 
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frequency perturbation to plot the field pattern directly during bead 


perturbation measurements. 
5.2 Perturbation Measurements 
5.2.1 a MLYOauet Lon |. 


Precise low power measurements are essential for interpretation 
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of the high power experiments and to verify. the theoretical calculations. 


The aims of the low power tests were: 
1. To determine the electric field distribution 
2. To determine the peak axial field in relation to the 
peak power input to the cavity 
3. To determine the percentage average power dissipated in 


the disc 


The two basic quantities from which this information can be 


extracted are the quality factor Q mentioned in section 4.1.4 and the 


shunt impedance Ro: Shunt impedance may be defined in a number of ways 


depending on the coupling factor of the cavity and whether the peak or 


effective electric field is considered, but for this thesis is taken as 


2 f 2 | 
Be id ye ( JEdz) en 


Oe Ne 2W 


E being the peak axial electric field ES and W, the total power 
dissipated in the cavity. Ro is usually obtained indirectly from the 
ratio R,/Q: a readily measured quantity. 

Mention has been made in section 4.1.3, of the desirabiliy of 


operating the same cavity in the TMj1q and TMo11 modes for comparison 
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purposes. The M19 mode not only aids ceeat Wa) in simplifying 
calculations and measurements, but more important, serves as a reliable 
reference, since its eee Merle over time are readily repeatable. 
Therefore een is aeheyel ly applied to this mode and then extended — 


to cover the actual ™o14 test mode. 
5.2.2 The Axial Electric Field Profile 


By pulling a small metallic bead of volume dr along the axis 
of a cavity, the resonant angular frequency Wo will be perturbed to 
some value w if the bead is in the region of some field E. Ginzton [91] 


gives the relation 


NE [ ne (of ul? - c&° al a | 
: (uwH" + cE) dv ce 
Vv 


Since the perturbation can be made sufficiently small, w-w op Awe swys and 


equation 5.2 reduces to 


-2Aww. = w ‘ c( bse 
fo) 
or since U = 5 for + cE“) dv 
dw _ k gee - uli dt 5.4 
Ww 2 2U 
fe) 
For the TMo19 and ™Mo1) modes, H=0 along the axis of the cavity and: 


dw _ ke Edt 5.5 
Wo QU 


‘, t + Rice : 


as 


y Geet . ee 2 


Pe er ay 


9] 


If the bead is sufficiently small, the field E can be taken as constant 


in the region of the bead and equation 5.2.5 further reduces to: 


a a | 6..6 


The frequency perturbation dw is thus proportional to the square 
of the electric field at the position of the bead, and by plotting the 
perturbation with respect to position, a relatively accurate field 


profile can be obtained for the cavity. 


The frequency perturbation was small (typically <1 MHz), and 
since the temperature fenendaiet of the cavity aie at best Tio Kaos Cr 
runs had to be as rapid as possible. The beads were attached to a 
manner arent line which passed through alignment holes in the cavity 
and cavity mount, along a centimeter scale and around the shaft of a 


ten-turn potentiometer as shown in Figure 5.7. The voltage on the 


potentiometer wiper was proportional to the axial displacement of the bead 


within the cavity and was connected to the X input of the X-Y recorder 
of Figure 5.1. The Polarad signal generator incorporated the frequency 
locking circuit. In this manner numerous plots of E, vs z were made 
for various sizes of cavity, discs and coupling holes. It was necessary 
to machine a .5 cm diameter hole through the center of the discs used 


for the TM mode profiles in order to pass the line and bead. 


011 


Some of the more important results will be summarized by 


referring to particular field plots. 


fe 


inetenoo 26 nled od. Red 4 bist ony < PY 
-o% egauber sotto 2.8.2, nat seNpS | ve 


oe 


<i 


; baie (HM! Te arrestee) (te ati 
/D\sHN @tT deed as Bi ates ait. 40 2 | 
6 ot bellastys ‘979W see be 4 


6 39 dete “an anc ‘bas ie 
and 0 oso! ov ent. ty rf ool at | 0 

~ -bsads odd Yo sSnsmaoetn2 tb Veins! oils of reno f | iq mor: 
sabrons' Y-K odd to Hwan Aol ca ba 8 80 ‘egw bre vita ‘aia tage 
Tanpte bersto® od? Re) “as a 
| absn anew s ey” : 3 40 edofg auovsRun, sania zit ol Ttuottang hy 
a) ~pieasensi ee ee fort pirtfquoa bas aoath ot ys9 40 eoste evol tev o 
| baew agetb. edd to VSINSS ond doubt Stat 4ad-me th mo 2. & oatoem ba 


_ base bas sof att e260 2. ial patie aboit reo att ‘ot 


“MONSUPS TT. ant bavaroqioalt vodatanse | 


“a fasten’ sd. f it ‘hued 28 2 eit ete snot iis ‘ 
shafins Vite er Se yoluotineq of esi | 


Tet 


wi 46 =) 5) ae. ips X : 7 ‘ ‘ ae a 
cia : “a ad ee | ie > on ee ee Wry ee 


Tension Spring 


Teflon aALtgoment | Monofilament Line 


Bushings (2) 


Scale with Marker 


Cavity; 


Metallic Bead 


Low Friction. ——— 2 
Pulleys (3) 


12v - 
DC Voltage Proportional 


to Bead Position 
(to X-Y Plotter) 


Figure 5.7 Physical Layout for Bead Perturbation Measurements 
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5.2.2.1 Effect of Bead Size on the Field Profile 


The finite dimensions of the bead will introduce a certain 
error in the field profile since two assumptions necessary to equation 
5.2.6 are not strictly valid. There does exist some H Riehd. however 
Slight, at the surface of the bead; and the E field may not hd constant, 
pence iailly at an iris or dielectric interface. A sufficiently small 
bead then is a compromise between the degree of error to be allowed | 
and the minimum useful frequency perturbation. By recording field 
profiles for a number of different bead sizes and comparing, an optimum 
size can be chosen. The three beads used are specified in Table 5.1 and. 
the profiles (normalized) for the two smaller are plotted in Figure 5.8 
for the TMo1 mode. The profile for the 4.45 mm bead is not shown 
since it was virtually identical to that of the medium size (3.15 mm) 


bead. 


At first glance the deviation from the ideal profile (broken 
line) appears extensive, but in fact is Raveystent with the qualification, 
mentioned above, on the E field. What is significant is that the 
two bead profiles are nearly identical (assuming a smoothed curve 
through the plot for the small bead). The only obvious difference is. 
at the top of the cavity (0 cm),where the smaller bead is completely out 
of the cavity resulting in only slight residual perturbation; whereas 
the 3.15 mm bead still has an appreciable effect since it tends to fill 


the small coupling iris. 


Since the frequency perturbation of the large bead entailed 
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-315 cm dia. bead 
(curve displaced two divisions 
vertically for clarity) 
Pi 
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Figure 5.8 Effect of Bead Dimensions on Field Profile 
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frequency locking difficulty (see Figure 5.5)and that of the small 
bead (53 KHz) was close to the noise level of the system (about 5 KHz), 


‘the intermediate 3.15 mm diameter bead was chosen for most measurements. 


5.2.2.2 Effect of the Waveguide-Cavity Coupling Iris 


The calculations of section 4.1.4 specified a coupling iris 
diameter of 1.8 cm. This is relatively large compared to the cavity 
diameter and will affect the field distribution near the iris and is 


: the main reason for the non ideal plot of Figure 5c. 


| Using the Moro hode! successive measurements were made as the 
iris diameter. was increased by machining. The effect can be readily 
“seen in Figure 5.9, especially in the region 1.5 to 5 cm from the top 
of the cavity. | For the .92 cm iris the variation of E¢ over this 
distance is only .6%; whereas for the 1.8 cm iris it is 4.6%, 


‘corresponding to a difference of 2.3% in the E field. 


Results were similar for the TMo1] mode. 


5.2.2.3 Effect of an Electron Beam Iris Through the Ceramic 

To obtain a profile of the ™o11 mode field it is necessary to 
provide a small hole through the ceramic disc on the axis of the cavity. 
This does not invalidate the results, since in a practical accelerator, 
there must be a similar iris sufficiently large as not to intercept the 
electron beam.. Electron beams can be produced with diameters <1] mm, 
but due to defocussing effects along the axis, the iris should generally 


be an order of magnitude larger. 


Measurements were made for different iris diameters as the discs 


were machined. With the smallest hole (.5 cm diameter) the fields near 
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Figure 5.9 Effect of Coupling Iris on Field Profile 
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Frequency Perturbation in kHz 
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Effect of Disc Iris on the Field Profile 
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the ends of the cavity were similar to those in the ™o10 mode except 
that the peak fields were 2% Hener: In the disc ieieyituere exists a 
fringing electric field that would not be present in a solid disc; 
hence, due to the finite size of the bead, there is no sudden step in 
the profile at the dielectric interface as would be deduced from 
equations 4.2(a) and 4.3(a). As the is is increased Precpronide 


is degraded further from the ideal (Figure 5.10). 


In this case the ie was shorter (5.223 cm), a prototype 
AY the structure to be described in Chapter 9. From this work it was 
determined to use the 1.25 cm diameter iris in the later structure; 
it was a compromise between adequate iris size and both sufficient 
field intensity and minimum frequency change (Figure ae. Reduction 
of the noise level to under 1 KHz in the frequency anne circuit 


enabled use of the small bead to minimize any dimensional effects. | 


5.2.3 Calculation of Ro /Q 


Recalling the definitions of Ro and Q in equations 5.1 and 


sales the ratio R/Q will be: 


Ro. (feat)? . w _ (fedt)é cs 
Q OW w_U 2w_U 
| ) 0 
or in the TMo10 case, ES being constant, 
org we): 5.8 
Q 2u_U 
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Since W= 7 € Eady = 5 ent Rd“ (kor) ve substitution and evaluation 
gives: 
R 5 
Oueoes L 
cre 185.07 R 
for the TMo19 mode. 


R/Q can be determined experimentally from the bead frequency 


perturbations. Substituting equation 5.6 into 5.8: 


for any general bead shape of volume ét. In the specific case of a 


spherical conducting bead of radius a, the shape factor, k, is 3, and 


Ben ei 
OU ee 
WY TE a 


In the perturbation experiments three beads were used. The relevant 


data is given in Table 5.1 for the TMo10 mode. 


5.2. 4 R,/9 Measurement-Micrometer Method 


The values of R,/Q in Table 5.1 may be in error due to the 
effect of the monofilament line and the uncertainty in the shape factor 
k. Ginzton [92] describes a more accurate method of determining R,/Q 


using a micrometer to perturb one end of the cavity. The perturbing 
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Table 5.1 Bead Perturbation 


-volume 


3 


2310 KHz 3159 


46.1x10— 
3 
cm 


164x107 872 KHz 


-929x1072 50 KHz 


total cavity length L=6.576 cm 


~445 cm dia 
sphere 


2019 cm dia 
sphere 


.1875 cm dia 
cyl. 


theoretical 


resonant frequency 2865 MHz 


volume may be varied from a positive to a negative value, so that by 
plotting the resonant frequency versus the depth of penetration, one 
can determine the slope of the curve at zero penetration (Figure 5.12). 


Substitution into equation 5.11 yields R,/Q. 


The micrometer extension used had a diameter of .60 cm, the 


effective volume being Tone where Ah is the depth of penetration. 


Substituting 
Nye ae ea st 5.12 
Q 2 2 Ah ‘ 
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Figure 5.12 Perturbation Measurements Using Micrometer 
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and simplifying: 


7 


ORS OL) Af 
a 12.74 x 10 er pane 


A is extracted from Figure 5.12 for the particular cavity of Table enc 
The resulting R/9 = 3152 compares well with the value obtained using 
~ the large bead. Evidently the field profile is sufficiently distorted 
by the coupling iris that the theoretical calculation is in error. The 
difference in the other two beads may be accounted for by inaccuracy in 
measuring their small dimensions and consequently in calculation of ike 


volumes. 


| The Ri/Q obtained by the micrometer method is valid A aky near 
the end wall of the cavity but in conjunction with the field profile 
for the particular mode, the variation of R/Q at any point along the 
axis can be evaluated. The same procedure an be followed for the ™Mo14 


mode since the cavity dimensions are unchanged. 


5.3 Determination of Peak Axial Field 


5.3.1 Calculation of 0 


“The Q of a cavity is dependent on the material of the cavity, 
the dielectric in the cavity and the resonant frequency. Q can be 
calculated knowing the field inside the cavity on the basis of assumed 
values of tané and « by evaluating the stored energy and power dissipation 
in different parts of the cavity. Dividing the cavity into distinct 


regions and applying equation 4.2 and 4.3: 
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Energy storage U 


a (aren 2 
vacuum Wace Fe f Fav = pu fray 


uw (e,E,) ; ade 
Sig aa cos 8.2 dz J, (kr )2nrdr 
2 Ke A i 
un ur(esE)” 9» 2 
Soc Lie (k R)(2p8, + sin PB) S13 
4g k 
Ouaket § | 
2 Yaa 
oer WMA reo ea! on 2 
dielectric Uyio) Sa eae ot J, (kR) (2849 - sin Bo) 5.14 
4 Bok. 
Cavity Losses’ W 
| Dose Ea See siaaa 
end walls Bind = STAN) ke, > J, (k.R) 5.15 
C 
Z (28 ptsin2e p) 
: Ww 2 sie ‘vt Oo ) 
side walls Weadel 4nRR. fe Aenea? J, (KR) ea 5.16 
(region 1) G 
Ne 02 (28,q-sin28,q) ese 
(region Z)) Weide? = 4nRR. ae (ee Eo) J, (kR) eet : 
C 
in dielectric Wiel = we tané Udiel 5718 
2 Z 2 
2 J,“(k.R) B Bo 
= noE5 a By 2p) + sin28,.q( mh 1)) 
C C 


Note that the surface resistance for copper is given by 


R, = 2.61 x 10-7 f2= 1.40 x 10%, 5.19 
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cosBP 
and: that Ene, = SinBd 34a (equation 4.4) 


The Q for the TMo19 mode cavity of section 4.1.3 could be 
calculated by substitution of p, q etc directly into equations 5.13 to 
5.19. Using a tans of 00035, the resulting Q = 15649 is higher than 
the measured Q for this particular disc (13400-13760). The two un- 


certainties are tans and R.. 


Returning again to the ™Mo10 mode, Ramo and Whinnery [93] give 


the standard formula: 


Bess ee 2.405 4 SL, Xuede0 Sue l04216 
sara lin led WA") Sal Satine kaa gel 
R.x2x(1+ D S 


and Q = 20340 for the theoretical Ro. Since the measured Q was 16700- 


17700 (typically 17200 or 84.6% of theoretical), the actual R, was more 


than .0142/p . Although increase of R. can in part be attributed to 
contact resistance at the copper ring, because the ™o11 mode uses the 


same components, a corrected R. = .01762/H can be used for calculation 
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Taking the best value of Q, 13760, for this disc the total losses 


wU 
Should be Se a lg On OX 107 !2 E é and the loss in the dielectric 


0 
96.90 x 10°? a The calculated tans is then .000335 and the disc 
accounts for 18.8% of the cavity losses. Each disc was evaluated in 
this manner, with the results summarized in Table 5.2. The scatter 
in tané can be attributed to the different lots in which the discs 


were received and the particularly high values of discs #3, 5 and 10 


are due to defects in machining and impurities accidentally absorbed. 


The presence of the thin alumina layer on the disc did not 
affect either the Q or resonant frequency. The titanium surface coating 
would, however contribute some additional loss to the cavity. Since 
the Ti thickness was much less than the skin depth, the field pattern 
can be considered to be unperturbed and the loss can be evaluated using 
the relation: 


R 


O-s 
= ig (Er 


Ti 2 
10) 
where Or; is the surface conductance (typically o7g=1m0/O) 


en rdr 5.21 


W ‘a 


(49) 


Using equation 4.2(b) 


2 
B 2 
= ) a2 R 2 2 9 
Wee = ope 7 eas BoP 5 Jy (k.R) E., 5.22 
Cc 
Z eh pct 
For both surfaces of disc #8, the loss would be 12.65 x 10 ES 


which must be added to the losses to evaluate Q. The effect of the 


coating is to reduce Q by 3% and increase the energy dissipation in the 
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5.3.2 Measurement of Q 


Q can be determined experimentally by a number of different 
methods; however the most. direct is by recording the power transmitted 
through or reflected from a cavity while sweeping an oscillator through 
the resonance. Q may be defined in terms of the bandwidth, Af, between 


two frequencies, f, and f 19 at which the transmitted power is half 
‘ = 


that transmitted at resonance. From the plot of the incident power 
and the transmitted (or reflected) power versus frequency, Af and the 


standing wave ratio can be obtained for calculation of Q and Q5° 


Since P = P. - Pas by maintaining constant incident power it 
is sufficient to measure either the transmitted or reflected power. 
In practice, this was accomplished using the circuit described in 
section 5.1.3 which normalized the reflected power to the incident power. 


Since the cavity was critically coupled (g=1), Q could be obtained 


directly: 


Ly = O 
er sg he 
1 


1 
ae 


Q 


Q's for the various discs are included in Table 5.2. 
5.3.3 Calculation of the Axial Field 


Knowing R,/Q and Q, the shunt impedance Ry and the electric field 
as a function of peak power can be calculated. Equation 5. 1 may be 


rewritten: 
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2 
a. would be the shunt impedance measured with the micrometer: 
the second term would be derived from equation 4.2(a) or from the 

field profiles of section 9.2 normalized to the value at the position 


for which the first term is valid. 


Initially assuming an ideal TMo10 mode with constant EB 


ol 5 
ES 3 iE (2RW) 
1 Ro 5 5s 
Ta (20, W, 5.24 
Referring to Table Shee 


E = 339 (Ww)? kV/em (where Wis in MW) 


R 2.52 MQ 


0) 


In a real structure the coupling iris would tend to reduce both these 


values with increasing distance from the top end wall. 


The ™™ mode considerations are more complex. First, the 


011 
peak axial field at the disc surface is E,cOsBoP (from equation 4. 2(a)) 
or -99E ‘Secondly, assuming that the field falls away as the coupling 
iris is approached in the same manner as for the ™o10 mode, the fields 
will be an additional .5% and 1% lower. The peak fields at the two 


disc surfaces will be .985 E max and .98 Emax for the faces opposite the 


top of the cavity and coupling hole respectively. 
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9.4 Cavity Thermal Characteristics 


5.4.1 Introduction 


The two quantities characterizing a resonant cavity, the 


resonant frequency, f., and the Q, which is related to the cavity 


fe) 
losses, are in general temperature dependent. Bearing in mind the 
limited range that the magnetron can be tuned through, about 3 MHz for 

| suitable output, and the temperatures calculated in section 4.2, there 
are obvious limitations on the frequency temperature coefficient that can 
be accepted. In addition, the perturbation measurements usually covered 


small variations of resonant frequency and the anount of error due to 


change in ambient temperature must be ascertained. 


9.4.2 Frequency Dependence on Temperature 


Although it was not considered in section 4.2, the copper portion 
of the cavity does absorb most of the power lost in the cavity and 
despite the high thermal conductivity of the cavity-mount system, does 
experience an increase of temperature. The frequency temperature 
coefficient is negative due to expansion. Introduction of titania into 
the cavity, with its large negative coefficient of En &9x10""/°C), 
compensates by adding a positive frequency temperature coefficient. 

Thus , weer a cavity of suitable geometry, the two effects could be made 
to compensate over a range of temperatures (say 50°C). Calculation is 


complicated, however, by the non-uniform temperature distribution across 


the dielectric. 


Consider the case of uniform copper-disc temperature; the temp- 
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erature coefficient can be calculated by differentiation of equation 


4.8 with respect to the temperature dependent parameters, i, or Eps 


p and q. Rewriting equation 4.6 
é on -] 
6 = tang,p tangoq - (2,85) Bo 5.25 


and taking partial derivatives: 


Bp. 
a6 . 2 =V=2 4) 0 
gy = b psec Bop tanboq + Boe, By a ee 
ar age 
[ gsec“Bq tangyp - (e8,) Db, = 
a (2m) t sec2 tang oe aL ne a 
fake 3 BoP oP 24 on wo 
Qe,85 | SeCé Bod tangop - (8,85) ] 5.26 
3B 
30 2 2 Sleraces bo 0: 
(3) = [ psec BoP tanboq + Boe, By rs 
% cu 


9 | 
z 2 -|. -3 
- 2) Te. 'psec*e.p tanta + Be, By | 5.27 
he | 
ee) 
36 : 2 i ole tea 
(x) = [ qsec B44 tang op (eae) aXe 
T10, 
Cava ste x2 | = a 
- 5 [ 8) gsec’B,q tangop SB enbad cd 5 
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00 * ry 2 i ee ea -1 
de, [ 9 Co or tm eyore (e,85) 15 + 608, 
90 df. 2 
ap Bo tanB,qsec BoP 
a0} = 2 
2g = Bo tangp psec B54 
But 
els) 06 06 
de = —da+ (—)p da + (= ).., da 
oy dX Cu Cu aha T10, Crig 
08 38 > 
+ ap OP + 3q 99 = 0 
therefore, rearranging 
8 
(chy eee Meee) + 22 de + 
Xo Cu Coy dA, Ti0, Crig ee 
dd = 
8 
-( 2) 
Since. i fie Race dt =- Fay and 
dirt yk 
dT A dT 
Considering the contribution of the copper expansion 
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df _f BA. cy dT 
Skah Ly ry 09 


112 


ne 


113 


di 
where - “Cu = ia, 3; therefore 
dT c Gu} 
( ai no = 2 fa’ ( psec“e p + 8 “| tang Wee 5 ae 
di ‘Cu : Zn P Gries one Cy ; 
Cc 


ey a Ti ae 8) 
in which D = psec’g.p+q+e tang .p(1 + 6°85 e.(q6 e, tang.p-1)) 


Similarly, the radial expansion of the ceramic gives: 


df wat fd -] -2 
(aT Tio, aa pom We, q + BB, tang p(q8,¢,tans.p-1) ar. - 
he D 2 
GSS 
and the corresponding contributions for change in Eno P and q are 
respectively: 
2622 
par 
df ‘reat -2 2 2 
(TT). 4 “op (4 we tang ple, Boatansp-e.t 2) a, 
r 1) \e 
bit37 
gor) = - fat Bae (sec"g p) a 5.38 
arp (21)°D a0 P oP! “cu 
dt) = - f° (pg eae B S tang _p)q a 5.39 
dT’q (2n)°D ZV 0° i oP /4 Ti0, y 


Substituting the parameters for disc #8: 
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] 


p = .0312m, q = .002695m, Ls = 2870MHz, Boas 4.393m, 


te -l .. : 5. -6 as -6 
Bo 582.8m and knowing Ocy = box HOE 5 “140, = 8 x 10 
and eyo. 1007 per °C; 
& 
r 
(Tey = - 43.8 KHz 
d 
(Fri = - 01 KHz 
(Gh) 67.4 Kz 
Xp 
pS Sars oe oh ou 
dip 
df). = - 1.01 KHz 
(ar'q 


giving a net frequency dependence of + 12.4 KHz/°C. 


A thermostat controlled oven was used to measure the temperature 
dependence of the cavity. The temperature was increased by steps of 2 
to 5°C, the cavity maintained at each level for about one hour until it 


stablized. 


Figure 5.13 displays the results for the single celled cavity - 
the slope at 20°C being 17.5 kHz/°C. The difference between calculated 
and measured values is probably due to the former being the difference 
between two larger quantities, an error of 9% in O resulting in a 40% 


error in df : 
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Figure 5.13 Cavity Temperature Dependence 
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In a second structure designed to operate in the confluent mode 
(L = 5.223 cm, 2q = .53 cm), the number of discs was varied from 1 to 5 
by adding additional sections to the cavity. Again at 20°C, the slopes 
were constant at 32 kHz/°C, this time in good agreement with the 
calculated 32.78 kHz/°C. However, the discs had a 1.25 cm diameter central 
iris, indicating that the measured & is lower than would be expected 


for solid discs. 


The transient response of the cavity to a 5°C step in temperature 
is shown in Figure 5.14. Allowance must be made for the oven settling 
time of 1-2 minutes, but the time constant of the cavity for increasing 
temperature is about 20 minutes. Evidently, the copper heated first 
and the high thermal resistivity of the titania delayed transport of the 
heat to the center of the disc. For decreasing temperatures the cavity 
settling time was considerably faster, about 2 minutes or less, but the 
oven utilized C0, cooling and the forced air flow would permit better 


convection heat transfer at the disc surface. 


5.4.3 Dependence of Q on Temperature 


Tan 6 of the titania and the surface resistance, Ro» of copper 
both increase with temperature but at this frequency, for the restricted 
temperature range of 0-150°C, tan 6 can be taken as constant. However, 
at 20°C the temperature coefficient of resistance for copper is .00393/°C. 


Since the Q of the cavity can be written as: 
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Figure 5.14 Thermal Time Constant of Cavity 
(uniform heating in oven) 
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and 
de aD dW al] 
Acs AO ee ae 5.41 
wall “diel) 
; dw dR 
: ] wa | | ] S 
But since W aR. = Ba Naaly pa aed 
Walls Wa] dT R. dT 3 
thus 
dQ tes, W U Walt ig ee ‘ i: 
dT (W ) 2 R. dT ‘ 
sum 


Consequently, an increase of 10°C in temperature results in a 3.393% 


loss in cavity Q. 


This is not a serious problem for a practical accelerator 
structure, since some form of coolant would be used to keep a constant 
cavity wall temperature. In the present set of tests at high power 
there will be some effect on Q and consequently Roe The temperature (of 
either copper or titania) will no longer be proportional to average 
power input to the cavity but will have a dependence similar to that of 


Figure 5.15. 


Temperature 


Power Input 


Figure 5.15 
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CHAPTER 6 


_ EXPERIMENTAL SYSTEMS 
6.1 Introduction 


The microwave breakdown facility comprised a high power pulsed 
microwave source, the associated power monitoring circuits, a high 


field cavity within a vacuum chamber and the auxiliary instrumentation. 


Initially these systems, like the sputtering system previously 
described, did not exist and the establishment of a laboratory was the 
first task. Because of the bulk of the system, especially of the 
modulator necessary to drive the microwave magnetron, and the safety 
precautions mandatory for high voltage - high radiation field apparatus, 
the systems were assembled in a single room designated for this particular 


application. 


Figure 6.1 is a partial view of the laboratory. Most prominent 
is the vacuum envelope and cavity mount in the left foreground. Part 
of the turbomolecular pump can be seen below the envelope. Aluminum 
"I" beams are used to carry the high power waveguide components which 
are clamped into adjustable supports. The high aluminum enclosure at 
the end of the wavequide run houses the magnetron. In the center back- 
ground is the modulator control console and to its right are the 
frequency counter, oscilloscope, the microwave power meters and the 
vacuum gauge control unit. Not shown is the 1/8" lead coated box 


cover which fitted over the vacuum envelope to reduce the radiation 
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emitted from the cavity. 


6.2 High Power Microwave Systems 


6.2.1 The Pulse Modulator 


The pulsed D.C. power for the magnetron was supplied by a line- 
type high power pulse modulator. Built under contract for the Defence 
Research Board by Marconi (Canada) in 1959-1960, (ECRDC Project T42). 
it was acquired by the Department of Electrical Engineering about 1965. 
Contained within five large modules (Figure 6.2) the modulator 
occupied 6.8 square meters of floor area. After extensive repairs 


and modification a satisfactory capability was available. 


The modulator had the following published ratings [94]: 


Maximum average power 20 KW (17 KW) 

Maximum peak power 20 MW (14 MW 

Maximum pulse voltage 80 kV (72 kV 

Maximum pulse current 250 Amps 

Pulse repetition frequency 50-500 pps 
(modified to 20-600 pps) 

Output voltage DC supply 20 kV 

Qutput current DC supply 1.5 Amps 

Magnet supply 44 Amps at 60 volts 

Filament supply 10 Amps at 100 volts 

Pulse length (in steps) .96 to 6.5 usec 


The maximum ratings were not reached in tests, however, the modulator 
was capable of delivering the values given in brackets. This was more 
than sufficient to drive the magnetron and it was not deemed feasible to 
exceed these ratings since the components were not readily replaceable. 
The theory of pulse modulator design and operation is beyond the scope 
of this work and is adequately covered in the Radiation Laboratory 
Series of reference books [95]. The block schematic in Figure 6.3 


should suffice to illustrate how the pulse is generated. 
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6.2.2 The Magnetron 


The magnetron used was a Varian VC-701 having the following 


characteristics [96]: 


Maximum peak power 2.5 MW 
Maximum average power 3.5 kW 

Pulse length ip to .5..5 usec 
Duty cycle (maximum) .0015 
Frequency 2870 MHz 


(It is possible to exceed these ratings for short periods 
if the tube has been sufficiently aged) 


The tube has been tested up to the following ratings: 


.6 MW (5.5 usec pulse) 


Maximum peak power ] 
3.5 MW (3.12usec pulse) 
2.2 kW 


Maximum average power 
The operating regions are given in a chart from the manufacturer. The 
magnetron required a filament current of 14 amps at 12 volts and a 
magnetic field of 1500 G supplied by a 40 volt, 25 amp electromagnet. 
Cooling for the magnetron was provided by a recirculating water system 
with an air flow directed onto the output window. These Euopites were 
built into the modulator. Spark gaps protected the magnetron and 


the operating personnel from overvoltages. 


6.2.3 Waveguide Circuit for High Power 


Figure 6.4 outlines the high power waveguide circuit. All wave- 
guide was standard 3" x 1 1/2" S-band brass guide with choke-cover 
flange connections except for the vacuum section, which was manufactured 
out of OFHC copper. For high power transmission the waveguide was 
pressurized at 15-40 psig and a flow of air (1 cu ft/min - free volume) 


was maintained to cool the magnetron output window and other components 
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within the guide. 


A mismatch-phase shifter combination supplied with the magnetron 
allowed pulling of the frequency through a range of. 10 MHz as indicated 
in Figure 6.5. The magnetron was separated from the rest of the guide 


by a Raytheon ISH-28 isolator having a minimum directivity of 17 dB. 


The power attenuator probe consisted of two concentric glass 
tubes, the one end of the large tube being sealed so that cooling water 
flowing down the inner tube returned between the two. The probe was 
inserted into a section of waveguide at an angle of 17° to the axis to 
give up to 18.5 dB of attenuation. With a well matched load the 
attenuator was capable of handling 1 MW of peak power before breakdown, 
otherwise the limit was 700 kW when inserted. With the probe fully 
withdrawn the rating was essentially that of ordinary eee The 
combination of the modulator and attenuator allowed a useful range of 
output power from 02 to 3.5 MW, corresponding to cavity field strengths 


of 40 to 600 kV/cm. The return loss was less than 15 dB. 


The directional coupler was a standard Moreno type cross coupler 
with a coupling factor of 48.4 dB and a directivity better than 24 dB 
at 2870 GHz. These factors were dependent on the use of low reflection 


cable and attenuators in the secondary arms of the couple. 


An alumina vacuum window obtained from the USNL separated the 
pressurized and evacuated sections of the waveauide. It operates in a 
TE circular mode and has matching irises on either side. No trouble 


has been encountered with this window. 
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Figure 6.5 Frequency Pulling Characteristics of Magnetron 
(Frequency contours in MHz are functions of the 
phase shifter and mismatch settings) 


126 


weir 


errata will: 


127 


Between the window and the cavity mount a twist section 
oriented the E plane horizontally. One flange also mounted a thermo- 


couple vacuum gauge head. 


The cavity mount was similar to that shown in Figure 4.4 
except that it was vacuum sealed. The adjustable vacuum short 
compensated for any mismatch in the cavity coupling to enable maximum 


E field in the cavity. 


The high power waveguide was supported on two 4" aluminum 
I beam sections as can be seen in Figure 6.1. One, holding the phase 
shifter, mismatch, isolator, attenuator and directional coupler, was 
fixed; whereas the other, at right angles to the first, and carrying 
the evacuated section of waveguide, was equipped with rollers to 


permit easy access to the cavity. 


The components in the low power side of the Moreno cross 


coupler have already been described in section 5.1. 


6.2.4 Calibration of the High Power System 


Peak power is the fundamental quantity from which the. electric 
field in the cavity is derived. Accurate calibration of the power 
monitoring instruments in the secondary arms of the directional coupler 


was therefore mandatory. 


The power generated by the magnetron is best directly measured 
by calorimetric means. The vacuum section of the high power waveguide, 
(window, twist, cavity and short) was replaced by the waterload shown 
in Figure 6.6. The SWR of the load was better than 1.05 so that the 


total power can be assumed to be dissipated in the water flowing through 
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Figure 6.6 High Power Calibration Circuit 
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the load.- The water flow was regulated and monitored by a flow meter; 
hence knowing the difference between the inlet and outlet temperatures, 


the power could be calculated by the formula: 


P= q77a16 * flow rate (gm/sec) 6.) 
The temperature differential was measured independently by a multiple 
junction thermocouple and dual thermometers located in the flow lines. 
Although equation 6.1 should give the absolute value, any uncertainty 
could be eliminated by substitution of the waterload by a resistance 


heating unit for which the input power could be accurately measured. 


The attenuators in the secondary arms (see Figure 6.5) were 
set such that thermocouple power meters indicated a power level 60 
or 70 dB below the actual in the main guide: thus 100 watts average 


would be read as .10 mWatt at 60 dB coupling. 


An alternative method was to adjust the line attenuation in the 
secondary arm to 11.6 or 21.6 dB to add to the known 48.4 dB coupling 
of the directional coupler. While satisfactory for noncritical checks, 
this method could give an error of up to .5 dB due to the number of 


coaxial connections and was not used for accurate measurements. 


Having calibrated the secondary arms with respect to the main 
guide at some average power, the crystal detectors could be calibrated 


to the power meters in order to determine the peak power. 


The probable experimental errors are summarized in Appendix B, 


but certain instrumentation errors were eliminated at this stage. The 
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peak voltage detected by the crystals was typically .4 V. The 

ground loop voltages generated by the magnetron current pulse could 
Superimpose an additional .1 V which, because of the nonlinear response 
of the crystal in this region, represented an error of 50% in power. 

It was necessary to lay additional heavy grounding cables from the 
oscilloscope to the main waveguide and to the modulator to eliminate 
this effect. This also eliminated a much smaller error Paecared 

on the power meters which theoretically should not have been affected. 
A secondary restriction was on the length of cable between the detector 
and oscilloscope to minimize distortion of the detected pulse envelope. 
These cables and the others used in the secondary arms had to be 
carefully selected to eliminate mismatches and attenuation which could 


introduce errors into the power readings. 


6.3 Vacuum system 


6.3.1 Description 


To simulate the breakdown conditions in an electron beam 
structure the cavity must be evacuated to a pressure of at least 10° 
torr such that the mean free path of the gas molecules is greater than 
the characteristic dimensions of the cavity. To avoid oi] contamination 
of the titania a turbo-molecular pump (Welch 3102) was used as the 


basis for the system. Figure 6.7 illustrates the actual arrangement of 
the envelope, gate valve, pump, gauges and the cavity mount. 
The cavity mount was machined out of OFHC copper and soldered 


to a section of OFHC copper waveguide. The mount was attached to one 


end of the Tee envelope by bolts and sealed with a viton "O"-ring. The 
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Figure 6.7. Vacuum System 
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sections of waveguide in the vacuum system were connected as usual since 
they were fitted with "O"-ring grooves to maintain air pressure in 
ordinary operation. The alumina microwave window sealed One end of 

the guide while an adjustable short with a vacuum sealed teflon sleeve 
terminated the other end. The waveguide and mount were supported on 

a separate section of aluminum I beam which could be rolled away from 


the vacuum chamber to facilitate access to the cavity.. 


At the other end of the "Tee" envelope was added an jeess port 
with RF feedthroughs and an observation window, all sealed by means of 
"O"-rings. The more permanent connections between the stainless steel 
components (Tee, gate valves, etc) used Varian Conflat flanges with 
copper gaskets. The vacuum envelope was constructed out of non-magnetic 
materials. | 

The gauge control unit (CHA IGC-12) was capable of reading 
pressures from atmosphere to 10 torr. Thermocouple gauges monitored 
the forepressure of the turbo-molecular pump and the waveguide pressure, 


while an ionization gauge measured the pressure inside the vacuum 


envelope. 


6.3.2 Capabilities and Limitation of the Vacuum System 

The volume evacuated can be separated into the four regions 
illustrated in Figure 6.7. In order to maintain a high Q in the cavity 
and restrict microwave radiation from the waveguide, the holes for 
pumping the cavity halves and waveguide had to be kept necessarily 
small. On the basis of assumed outgassing rates for copper and ceramic 


the hole sizes were specified as shown. 
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The low conductance of these pumping holes meant that the 
pressure. in the cavity would be higher than the indicated envelope 
pressure. Tests were conducted by placing an ion gauge on one end 
of the cavity while pumping through the hole at the top of. the cavity. 
The cavity pressure was never more than an order of magnitude higher 
than the pressure in the envelope despite the effective increase 
in the volume being pumped due to the gauge itself. Since the vacuum 
system could be pumped down to 4 x io"? torr with baking and the 
actual pressure attained before proceding with any tests was less than 
3X 1077 torr, a sufficiently low pressure existed inside the cavity 


5 


(<10~ torr). The time required to pump down to 3 x 107” ‘torr was about 


6 hours. 


From experience with the turbo-molecular pump it was found 
that the vibration is excessive for delicate work such as with electron 
beams and requires at least a bellows between the pump and waveguide 
system. This however, did not prove serious in the breakdown 


experiments. 


6.4 Other Instrumentation 


6.4.1 Radiation Detectors 


Film badges were introduced when the high er systems were 
ready. Badges were worn at all times by personnel in the test area, 
and two monitor badges were located in the region of the control 
console to indicate total dose over a 2 week period. For specific 
measurements additional film badges and Victoreen pocket dosimeters were 


distributed about the test area. 
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Radiation dose rates could be measured by an Ecko N596 
ionization chamber type monitor capable of reading up to 300 mrad/hr 
and a Victoreen 440RF radiation detector with similar capabilities. 
Both were portable and shielded from microwave interference. Meters 


capable of higher scale readings were borrowed on occasion. 


6.4.2 Temperature Measurements 


For remote temperature monitoring a Higgins optical pyrometer 
with a 1° field of view and a useable temperature range from 70 to 
300°C was used. It was calibrated using iron-constantan and copper- 
constantan thermocouples since it was necessary to compensate for 
differing emissivities of the various materials when observed through 
qlass windows on the vacuum systems. To measure the temperature 
of the cavity under power, and in thermal tests,thermocouples were 
used; however, in some instances this was supplemented by observing 


colour change in Edmund Scientific liquid crystal sheets. 


6.4.3 Photography 


By placing a small viewing hole in the cavity mount, the surface 
of the disc could be observed during the high power tests. A small 
lens with a 2 cm focal length was positioned directly in front of the 
glass window so that it was possible to observe the surface of the 
disc up to a radius of 2 cm. A Graflex camera with Polaroid 3000 ASA 
film attachment or a 35 mm Miranda SLR 20 cm from the lens was then 
set for a time exposure of 2-5 min in the fully darkened laboratory. 
The 35 mm was prefered since it allowed colour slides by pushing Kodak 


High Speed Ektachrome Tungsten film to 600 ASA. 
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CHAPTER 7 


EXPERIMENTS AT HIGH POWER 


7.1 Experimental Procedure 


7.1.1 Preliminary Considerations 


Before high power was applied to any discs, experimental 
runs were conducted using either the waterload or the empty TMo19 
mode cavity. As the magnetron was new it required the essential 
aging or burn-in period at high power. Meanwhile, the high power 


systems were calibrated and modifications. incorporated. 


During this time, it was noted that the pulse waveform 
deteriorated at low magnetron power levels and that the magnetron, 
when feeding into a resonant load, was unstable near 2871 MHz. The 
adoption of the water attenuator enabled a single modulator setting 
to be used for cavity powers up to 700 kW or more. The modulator 
parameters, magnetron current and cathode voltage, could then be optimized 
for the best pulse shape from the magnetron operating nearer its 
designed region. The moding instability was in part eliminated by 
changing the number of wavelengths between the magnetron and the cavity, 
but henceforth cavities were designed to resonate at 2868 MHz. It 
should be noted at this point, that due to the true relative 
permittivity of air (experimentally determined: «= Teo, 92 x Poa 
the resonant frequency in vacuum was about 800 kHz higher than in air; 


thus in fact cavities were tuned for 2867 MHz in air. 
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PA12 TMo3 3 Mode Experiments 


A total of eleven titania discs were systematically tested to 
' destruction in the microwave cavity. The same basic procedure was 
repeated for each disc; however, as the system was improved in the 


course of the research, certain steps were modified or added. 


After the final low power tests and any necessary coating, the 
disc was assembled into the cavity and fitted in the vacuum mount. 
The system was pumped to Vga torr, first by baking the vacuum envelope 
to 40°C and then by allowing the system to cool over 24 hours or more. 
At the end of this period the low power microwave circuit was attached 
to the vacuum window and final adjustments made on cavity coupling 
using the vacuum short. A last measurement was made of cavity Q before 


coupling the cavity to the high power waveguide. 


The high power water attenuator was set for maximum attenuation 
of 18 dB and voltage was applied to the magnetron. At a peak power of 
700 kW, the magnetron was allowed to stabilize before being tuned to the 
cavity resonance using the mismatch and phase shifter. Power to the 
cavity was increased by withdrawing the attenuator probe in steps of 
one or two dB. Each change of power level was separated by fifteen 
minutes or more to permit the cavity temperature and frequency to 
stabilize. During this period, the pulse shape was optimized and 


readings taken prior to increasing the power level again. 


If there was a pressure pulse or cavity discharge, the high 
power was removed and the low power system reattached to ascertain any 


change in cavity Q. The cavity was then disassembled and the disc 
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inspected under a microscope for any surface irregularities. If no 
serious change was noticed, the cavity was reassembled and installed in 
the vacuum chamber following the same procedure as before, including 
repetition of the low power tests. High power was again applied and 
the attenuator gradually withdrawn. For powers greater than .7 MW the 
attenuator was set to its minimum and the modulator output voltage 

was increased. Unfortunately, this required more careful control of 
the pulse waveform and magnetron frequency, but as the magnetron 


approached its designed operating point it became better behaved. 


After breakdown was achieved, low power measurements were 
repeated, the cavity disassembled and the disc microscopically analysed 


to determine the total damage. 


To indicate the time scale involved, a typical disc required 
four test runs before failure, each run lasting for three to six hours 
and entailing approximately 12 changes in the power level. The time 


required to pump the cavity between runs would double the time. 


The Mets allotted to the discs were for reference only and do 
not correspond to the sequence in which they were tested. The actual 
order Was: (Ueno, ch. 2,794, 105.5, Oc Oy [lair oO. (DISC #00, ‘having 
been damaged during preparation, was expended in a trial run to establish 
operating procedure and results from this test are included only for 


completeness). 


7.1.3 Experimental Quantities Monitored 


The readings and observations made in the course of the test 
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runs may be summarized as follows: 
1. Modulator (a) D.C. voltage 
) D.C. current 
) Magnet current 
d) Pulse voltage 
2. Microwave Power ) Forward (incident) average power 
(b) Reflected average power 
(c) Forward peak power 
(d) Reflected peak power 
(e) Frequency (wavemeter and counter) 
3. Envelope vacuum pressure 
4. Radiation output of cavity (at about 1 m) 
5. Cavity temperature (thermocouple) 
6. Microwave probe resonance (to be described in Chapter 8) 
7. Conditions inside the cavity visually observed and | 
recorded by camera 
The modulator readings were recorded at intervals as adjustments 
were made in pulse shape and modulator output power. The other 
parameters were recorded each time the power to the cavity was increased 


and in the event of transient phenomena such as a discharge cr pressure 


fluctuation. 
7.2 Experimental Measurements 
7.2.1 Peak Power 


Both the incident and reflected high power signals were continually 


monitored on a Tektronics 556 oscilloscope capable of displaying four 
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(a) Mismatch during (b) Prior to Breakdown 
Discharge (1.05 MW Peak Power) 
(175 kW Peak Power) 


(c) After Breakdown (d) After Breakdown 
(1.2 MW Peak Power) (250 kW Peak Power) 


Figure 7.1 Pulse Waveforms for Disc #8 
The upper trace is of the microwave probe resonance: the 
two lower traces are the reflected and forward signals 


from the crystal detectors. 
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traces simultaneously. The sequence of waveforms in Figure 7.1 for 
tests with disc #8 are typical. Each frame includes three traces, but 
only the lower two pertain to this discussion: the upper waveform is of 
the microwave probe resonance which will be analysed separately in 
Chapter 8. The crystals having been calibrated with respect to the 
power meters and the calorimeter, both the cavity power dissipation and 


stored energy can be determined from the two pulses. 


The power flowing into the cavity contributes to the build up 
of the stored energy in addition to the cavity losses. Since the unloaded 
Q is defined in terms of the stored energy and the cavity loss, the 


cavity energy is related to the input power by the differential equation 
_ dU ty 
Par ay his & 0 Thy 


The stored energy of the cavity at some time,t, after the start of the 


pulse may be expressed as 


2 | 
u= pe Pp, eet)? | Re 


ext 


where P_ is the steady state power level and t is a time constant defined 


as £0. [97]: The electric field is given by 
0 


Pharpe Alea ) . ae 


co 


as shown in Figure 7.2(a). In this case E_ would represent the field 
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evaluated by the equations of section 5.3.3, thus for pulses up to 
3usec in duration an additional correction term is necessary to determine 


the effective field for a high Q cavity energized by a pulsed input. 


The power into the cavity also has an exponential dependence. 


From equation 7.1] 
ees OW wos ely ‘Wille 


This effect is seen in the reflected pulse of Figure 7.1(b). The non- 
linearity of the detector makes the apparent reflection 10%, but, in 


fact a power of | MW resulted in only .03 MW of reflected power. 


The value of P_ is derived from the incident pulse and may be 
defined in three ways. The equivalent peak power, calculated using the 
known average power, pulse repetition frequency and the pulse width 
(between half power points), would correspond to curve “a" in Figure 7.2(b). 
The smoothed peak value denoted by "b" would be a more realistic 
representation; however the actual pulse envelope "c" has a ripple some 
5% higher than "b". In order to be consistent, the peak power was 
defined as the value of the smoothed pulse at the point of minimum reflected 
power. In this way any errors in the detected pulse because of mis- 


matches and reflections in the low power circuit and directional coupler 
were eliminated. 

The input power is also affected by dynamic changes in cavity 
characteristics. Figure 7.1(a) indicates the increased reflection due 


to a momentary cavity discharge. In this case, there is a total mismatch; 
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1.0 }------------ 7-5-5775 + == 22 see= 


Etectric Field E/E. 
“4 


(0) 1 2 3 4 
Time (microseconds) 


(a) Cavity Filling Time 


15 


w 


Peak Power (MW) 


3 
Time (microseconds) . 
(b) Pulse Power Waveforms 


Figure 7.2 Effect of Cavity Filling Time 
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that is, all incident power is reflected. The mismatch only occurs for 
a short time and if power is reduced it is possible to regain the 
matched condition. At breakdown however, the cavity loss increases and 
the cavity Q is reduced resulting in the partial reflection of Figure 7.1(c). 
The match is irreversibly altered and even at lower power (Figure 7.1(d)) 
there does exist a substantial reflection. The distinction between the 
two types of mismatch enables the point of breakdown to be determined 
accurately. The peak powers recorded for the respective discs are 


listed in section 7.5. 
7.2.3 Pressure Fluctuations 


A discharge in the cavity was registered by the ion gauge 
pressure. Although this could be caused by a real increase in the cavity 
pressure due to outgassing, most probably some of the ions generated in 
the discharge are actually collected by the gauge and give an incorrect 


reading. 


There was a general increase in pressure as power was raised and 
the cavity became warmer. In each case the pressure was initially 
ox 1077 torr or better. At the endof a run the pressure was as high 


6 


as 10 ~ torr and discharges increased this reading to 107° momentarily. 


After cooling the pressure returned to the 10°! torr range. 
7.2.3 Radiation Measurements 


At peak powers less than 200 kW, no radiation was observed near 
the cavity. This may in part be attributed to the energy threshold of 


the meters used, about 10 keV. At higher powers the indicated dose rate 
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increased rapidly (dependence upon peak power was about eri When a 
cavity discharge occurred, the radiation increased by a factor of two 
Or more; however, after breakdown no further radiation readings were 
recorded. This behaviour was no different to that observed with the 
empty cavity;hence high radiation does not necessarily indicate breakdown 


of the disc but only the presence of energetic electrons. 


The dose rate at breakdown, as indicated by a meter 70 cm 
from the cavity mount was typically 50 to 100 mrad/hr. By introducing 
different thicknesses of lead sheet between the cavity and meter and 
noting the difference between readings, the probable peak X-ray energy 
(calculated using the known absorption coefficients of lead) was about 


100 keV. 


7.2.4. Thermal Measurements at High Power 


Because of the high wall currents in the cavity a thermocouple 
element was resorted to instead of a more sensitive thermistor device. 
The voltage at a copper constantan junction securely attached to the 
cavity top was monitored on a milli-voltmeter. A liquid crystal sheet, 
applied to the outside surface of the cavity, verified that the temp- 
erature was uniform along the cavity to within two or three centigrade 


degrees. 


In Figure 7.3 temperature is plotted versus the average power 
absorbed in the cavity along with two other parameters; the resonant 
frequencies of the TMony and TEO 14 modes. The temperature coefficient 


for the TM mode is seen to be about 60 KHz/°C at low powers, three 


011 
times that observed during low power tests (17.5 KHz/°C-section 5.4.2). 
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From this an estimation of the ceramic temperature can be made. 


Recalling from section 5.4.2: 


df a" bs 
(=F) aoe 43.8 KHz/°C 
df _ " 
(a7) c, SPO cay RHZie G 


Assuming a uniform ceramic temperature Ts the ratio of the ceramic 


temperature increase to that of the copper, 1 can be obtained 
by solving the equation: 
GP ah + GP o, = 60 were 
ie Cu 
ee ot as 
Cu 


Referring to the figure, at 40 watts (of which the disc absorbs 6 watts), 
the copper temperature is 9.5°C: the average disc temperature is 80% or 
7.6° higher than that of the copper. This is consistent with equation 
4.31 which gives a temperature differential of 7.5°. Of course in 
reality the disc temperature is not uniform but that given by Figure 4.6; 
hence the above results should not be weighted too heavily. The temp- 


erature at the center of the disc could be possibly twice as high. 


Attempts to measure the titania surface temperature directly 
using an optical pyrometer were inconclusive. No temperatures were 


registered about 70°C, the lower useful limit of the instrument used. 
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Figure 7.3 
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Increase of Cavity Wall Temperature (°C) 
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However, Since discs after immediate removal from the cavity had surface 
temperatures over 50°C (measured using liquid crystal sheets) it was 


assumed that there was an error in calibrating the pyrometer. 


As breakdown is approached in Figure 7.3, the slope of the 
temperature curve increases. This is to be expected as the cavity 


copper losses increase with temperature (see section 5.4.3). 


7.3 Cavity Discharges 


7.3.1 Introduction 


The discharges observed within the cavity depended upon the 
presence of surface coatings and the power level and may conveniently 
be classified as low power, including conditioning and multipactor, 
and high power discharges, the division point being in the region of 


400 kW. 


7.3.2 Conditioning Discharges 

In each test on a disc, during the first run, at arena 
excess of 30 kW peak, discharges were observed which resulted ina 
mismatch in the main waveguide and a distinct blue glow in the cavity 
on each side of the disc. Since the discharges were intermittent and 
became less frequent in time and only increased if the power was 
increased, they were assumed to be conditioning type discharges due to 
outgassing of the cavity and ceramic. In each succeeding test run 
the conditioning time became shorter provided the system was not opened 
to air for more than a few minutes between runs. The random nature, 


making it difficult to specify a range over which conditioning occurred, 
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was compounded by the existence of a second low power discharge which 


was assumed to be due to multipactor. 


7.3.3 Multipactor 


In the tests with titanium coated discs, only the conditioning 
type discharge was present at low power; however, for the other discs, 
there existed a range of powers for which discharges occurred which 
did not diminish with time. Figure 7.4 shows the approximate fields 
required for this discharge which was probably of a multipactor nature. 
The response was identical to that of the conditioning discharge; high 
reflected signal and the characteristic blue glow; but was maintained 
for longer periods of time (typically the system was mismatched for 40% 


of the time). 


For the alumina coated discs the discharge was more predictable, 
starting at 45 kWand lasting up to about 60 kW, the discharge being 
maintained even as the power was reduced to 30 kW. Only by increasing 
power to 45 kW could the discharge be initiated again once it had been 
extinguished. With uncoated discs the same effect was noticed at higher 
power but was not as consistent. The discharge was maintained over the 
narrow range 86 to 96 kW peak for disc #11. In this case the discharge 
was not constant but had a period which varied with power level as 


indicated in Table 7.1. 


7.3.4 High Power Phenomena 
Over 150 kW all three types of discs reacted similarly. Only 
occasional conditioning discharges occurred at rare intervals as power 


was increased to 500 kW, at which point a slight blue glow with a 
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Figure 7.4 Discharge Regions 


Table 7.1 Discharge Pulses 


Power 
Level 
(kW peak) 


Period 
Between 
Pulses 
(sec) 


no 
pulses 


pulse duration .3 Sec 
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(a) 1 cm Calibration Grid (b) 620 kW Peak Power 


(c) 780 kW Peak Power (d) 880 kW Peak Power 


(e) 950 kW Peak Power (f) 1.05 kW Peak Power 


Figure 7.5 Luminescence on Ceramic Surface and Cavity Discharges 
Observed at Hiah Power (Disc #11) 
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definite radial pattern could be distinguished at the center of the disc 
Surface. By making a five minute exposure with a camera focussed onto 

the surface through the small observations window the intensity of the 
pattern could be recorded as power was increased. Figure 7.5(a) indicates 
the field of view over the disc surface, the grid spacing being 1] cm. 

The pattern became brighter with increasing power but disappeared 


momentarily if a discharge occurred. 


At the same time that the glow was noticed, the first readings 
were made on the radiation meters. During a discharge the radiation 


level increased 2 to 5 times the normal. 


Above 700 kW the discharges not only illuminated the cavity but 
extended to the glass window on the waveguide side opposite the coupling 
hole, as seen in Figure 7.5(d). Also observable in Figures 7.5(d) and (f) 
are minor needle shaped discharges apparently at the coupling iris. At 
these powers the glass windows on both ends of the vacuum system 
demonstrated a slight green fluorescence, due evidently to high energy 
electrons emitted from the cavity through the coupling and observation 


irises at the bottom and top of the cavity respectively. 


These phenomena became more distinct as the ultimate field was 
approached, breakdown generally occurring after only a few of the high 


power discharges. 


7 ee Microscopic Investigation of the Discs 


A binocular microscope with an adapter for a 35 mm Miranda camera 


was used to scan the disc surfaces. Micrographs were taken of any 
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Surface irregularities which were considered potential points for 
breakdown. These included uneven or chipped edges, defects in the 
surface coating and apparent impurities imbedded in the titania. Discs 


were surveyed before testing, between each test run and after breakdown. 


After the first few test runs, but prior to Brea dowd points of 
local reduction about 100um in diameter were noticed around some of 
the impurity centers. Uncoated discs had one or two such points on 
each side; whereas in coated discs they only occurred where the alumina 
was thin or absent (due to nee eenee masking while being coated). The 
reduced areas did not subsequently enlarge at higher power and did not 


affect the low power characteristics of the disc. 


In no case did the final point of damage coincide with any of 
the suspected regions micrographed. Usually failure was in the form of 
a crack extending inwards from the edge. Discs #2 and 4 had an obvious 
fracture over halfway across the disc. In the other discs (#6, 7, 8 and | 
11) they were less than a centimeter in length and in the case of disc 
#6 was first noticed under the microscope. When the copper ring was 
removed the last four dics showed type 5 damage, blackened points of 
reduction along the fracture, indicating edge discharge. A comparison 
was then made between all the copper coated discs and some aluminum 
coated discs also available. Although the copper film was not readily 
stripped off by the high radial fields, for the four discs in question, 
discharges occurred at pits within the film, causing edge breakdown and 
fracture. The films on the other discs were generally better, the 


aluminum films being the best when viewed under the microscope. The 
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difference was not attributed to the films but rather to the finish on 
the edge of the discs. The aluminum coated samples had been more 
carefully prepared prior to coating; however edge grinding of the 

larger discs had not been a successful and the copper film had not 
adhered uniformly. This would also account for the high film resistance 


referred to in section 3.4. 


One disc, #10, had extensive treeing patterns on the perimeter. 
The larger, more intense patterns were over 1 cm long with the trunk’ 
reaching the edge. The other patterns, which had just started were 
centered about 3 mm from the edge and did not extend all the way to the 
edge. Most discs on removal from the cavity after breakdown had a region 
a few mm wide and 3 mm from the edge which was lighter colored than the 
rest of the surface. This returned to normal after a few hours but 
under the microscope there was evidence of particle bombardment at the 


same radius, especially on the alumina coated discs. 


On the titanium coated discs, discharge tracks were observed 
in the film. Although the surface resistance was not appreciably changed, 
some of the titanium had been stripped off. If the discharges were 
allowed to proceed for a longer period, the loss of titanium could 


conceivably permit multipactor. 


7.5 Quantitative Results 
Table 7.2 summarizes the parameters of each disc at breakdown 
(or more precisely, immediately prior to breakdown). The type of damage 


incurred follows the classification of section 1.3.3 and the calculated 
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peak fields are derived from the data from Table 5.2. 


Despite the difference in surface coatings, the breakdown 
fields are strikingly similar for six discs (#4, 7-11), being in the 
range 316 to 356 kV/cm, well within the allowable error limits. The 
lower values for discs 1 and 2 may be attributed to the higher average 
power which they absorbed. Two other discs gave expectedly poor results. 
Disc #3 had been chipped in machining and attempts to repair the edge 
with a ceramic and epoxy filler resulted in outgassing and edge dis- 
charges. Disc #5 developed a slight crack while being fitted with the 
copper ring but still withstood 250 kV/cm. The failure of disc #6 was 
only explained after investigation under the microscope; the disc had 
not seated correctly in the copper ring and breakdown occurred at the 
Slight gap between the disc edge and the copper. The disc #00 was the 
first tested and results were inconclusive since the actual point of 
breakdown was not observed. It is included because it also cracked in 


a manner similar to discs #2 and 4 at high average power. 


The first observable correlation is between peak power (or field) 
and average power dissipated in the disc. At low average powers the 
discs can sustain .95 MW (corresponding to 310 kV/cm) but the peak 
permissible power must be derated at higher duty cycles as indicated in 
Figure 7.6. This supposes that preventable premature causes of breakdown 
such as occurred with disc #6 are avoided. At breakdown discs #1 and 2 


fall into the region of possible failure in Figure 4.8. 


The effect of the different coatings on the breakdown field is 


more difficult to assess. A first glance at Table 7.3 would tend to 
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12 A alumina coated only 
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Figure 7.6 Summary of Breakdown Results for Titania Discs 
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Table 7.3. Comparison of Different Surfaces 


Surface Discs Peak Peak Axial 
preparation Tested Power FTeLd) 
unpolished #4 1.15 MW 342 kV/cm 
uncoated 

polished #10,11 ] 

uncoated 


7 ph ov nrne 
polished #9 ~95 316 
coated Al,0. 
Ce ee eer 
polished hes 352 
coated Al.,0 
} 255 


and T7 273 
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suggest that the rain coated discs (ones without a titanium 

coating) actually gave poorer results than the uncoated discs and that 
the use of both alumina and titanium results in only a marginal 
improvement. More relevant is the type of failure. Coated discs 
failed primarily due to thermal stresses induced either by high average 
power or from local heating at discharge points on the edge. Uncoated 
discs suffered from surface discharges alone or with additional 

stress failure. The sample of discs is too small to make any definite 


conclusions, but the surface coating does inhibit surface breakdown. 
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CHAPTER 8 
DISCHARGE DIAGNOSTICS USING A MICROWAVE PROBE 
8.1 Introduction 


After experiments on the first few discs it became apparent 
that the data obtained prior to and during breakdown were limited to 
passive observation of power, radiation and pressure fluctuations or 
to insufficiently quantitative visual observations. Since the vacuum 
~discharge may be described as a weak plasma, it was decided to use a 
microwave diagnostic technique such as proposed by Brown, Biondi and 
co-workers [98-100] for analysis of electron density in the afterglow 
of a pulsed discharge. A resonant cavity containing a plasma in general 
will exhibit increased loss and a perturbation of the resonant frequency. 
Knowing both the change in cavity Q and the frequency shift, the plasma 
conductivity and the electron density can be calculated. To measure 
the cavity response a low power microwave probe signal is coupled into 


one of the cavity modes independently of the breakdown field. 


The method particularly recommends itself in this application 
since the same high power cavity may be retained with slight nodifeat one 
for the probe circuit. The high power field pattern is therefore 
virtually undisturbed and since the influence of the probing field on 
electron motion is negligible compared to the high power field, the 
microwave probe may be considered contactless. Since it is independent 
of the pulsed field, cavity response can be measured continuously, 


and by sweeping through two or more higher order cavity modes information 
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can be gained on the spatial distribution of electron density. 


8.2 Microwave Discharges in Vacuum 


8.2.1 Electron Motion in the Cavity 


The free electrons existing in the cavity even at low pressures 
due to ambient ionizing radiation and excitation possess Talatwaw 
low thermal kinetic energy in the absence of any external force. This 
thermal motion may be neglected in comparison to the motion impressed 
upon the electrons by the applied cavity fields, and since the mean 
free path length in vacuum enables electron interaction to be disregarded, 
only a single particle need be considered. The electron motion is 


described by the Lorentz force equation: 
; Ea | ; 
ar. (my) = ea(E tow xoB) 8.1(a) 


which in cylindrical co-ordinates (r, ¢ and z) may be expressed as [102] 


‘is “2 a8 ° 5; 
¥- ro = m, (Er + ToB, - 2B.) 8.1(b) 
Dicer yee en eal 
raeragn o) ? m, &4 + 2B, re) 8.1(c) 
Z = = (E, + FB, - rdB, ) 8.1(d) 


For the fields given in section 4.1, the respective components 
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ih ed 2. 
po en 8.2(b) 
vo @E Pw . 
Z= Tp aaa a Net costo + 6) - eure Nic wie Gara 8.2(c) 
| 


From equation 8.2(b), rg is a constant, but by kinetic theory 
(r$)° = <I initially; hence, ¢=0, and electron motion may be specified 
completely within the r-z plane. Recalling that BZ is a small 
quantity, the approximations sing z = Boz and COSBoZ = 1 may be made, 


giving 
GE J, (kr) [eo°z cos(wtte +45 sin(wtte)] 8.3 
. c 


3 = ef (Y, (kr) cos(wtte)- nhs Jy {kor)sin(wtto) J Ree 
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The simplest case is that of an electron on the axis influenced 
only by the axial electric field. Taking the initial conditions z=0 
and z=0 at the time the field E cos(wt+6) is applied at t=0, successive 


integration of the last equation yields: 


Zee £& (sin(ut + 6) - sine) Bar5 
_ e£ ’ 8. 6 
Eley (cose - wtsine - cos(wt + 6)) ; 
mu) 
e 


The corresponding electron kinetic energy (in eV) is 
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An electron fully constrained by the field, as in the case where 
the field oscillations build up over several periods (the filling time 
for the high Q cavity is typical), will oscillate in simple harmonic 
motion about a fixed point ds the axis, provided the excursion is not 
sufficient for it to reach any cavity surface. From equation 8.5, 6 


must be 0 and the electron energy '5 a 5 sin wt. 
Ses 


It should be noted however, that electrons are continually being 
‘'created' by ionization and field emission from the cavity walls; 
consent}. there may exist electrons specified by 6 # 0, with a non- 
zero time averaged velocity, such that in a finite time they will drift 
toward the end of the cavity and be lost to the field. The maximum 


possible energy attainable by one of these electrons is for 6 = > and 


a 
is given by 2 : = ; 
MW 
Thus, the energy possessed by an electron is periodic in time, 
Z 2 
varying from a minimum of zero to a maximum between ’5 c=, to 2 a 
mM, Me Ww 


depending upon the phase relationship to the RF field. 


Where fields are sufficient to develop relativisitic velocities, 
the electron motion is no longer simple harmonic and the following 


transformations are necessary: 


8.8 
‘ | 
Ub oavm.Gei(h tule) area 8.9 


The peak energies and maximum excursion of electrons for various 
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RBS: 
axial E fields are given below for the case 6 = 0, r=0 


Table 8.1 Cavity Electron Energies 


Ez Pee een 
kV/cm MW keV 
6.76 
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For the off-axis electron motion, equations 8.3 and 8.4 form 
a nonlinear set: a simple closed solution is consequently not realizable. 
Near the axis an approximate solution to equation 8.3 can be obtained 
by the substitution of equation 8.5. It indicates that on the axis 
an electron is in a metastable position: any perturbation off the 
axis results in a positive radial force. The net result of the outward 
motion is the eventual loss of the electron to the cavity cylindrical. 
wall, even if collision with the end walls does not occur. The actual 
electron trajectories may be determined by programming an analog computer 
to satisfy equations 8.3 and 8.4 for various initial conditions in 6, 
r and z at t=0 (the initial velocity of a free or ionized electron 
is sufficiently small] that it may be neglected). For this purpose 
a TR 48 computer incorporating a nonlinear function generator was 
utilized. In Figure 8.1 a number of the trajectories are plotted 
for electrons originating at different radii for various peak axial 


fields. 
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8.2.2 lonization Efficiency of Energetic Electrons 

The ionizing capability of a charged particle travelling through 
a gas iS given in terms of ion pairs created per cm path length (usually 
called the first Townsend ionization coefficient a). The coefficient 


F is defined as : o [101], where dn represents the increase in 


electron population as n electrons travel a distance dx. Expressed in 
terms of electron density, where No is the initial concentration, 


ajax Electrons with kinetic energy less than the ionizing 


n= ne 
threshold of the gas molecules are incapable of exciting bound electrons 
sufficiently to produce ions. Peak ionization efficiency is observed 
for electrons with energies in the region of 100 eV and diminishes 

for higher energies due to the reduced interaction time as the 

particle velocity increases. Figure 8.2 indicates the ionization 
efficiency of electrons in air: ttie degree of ionization does depend 
upon the nature of the gas and is lower for inert gases but the peak 


remains within the range 50 to 150 eV so that the curve for air 


(primarily No and 0.) can be taken as typical. 


The energy gained by an electron in a high pressure gas is 7 
dependent upon the applied field and the mean free path between collisions. 
Avalanche ionization results when the average electron energy reaches 
the ionization threshold such that the rate of ionization exceeds the 
rate of electron loss by mechanisms such as recombination or diffusion 
to the walls. Since the loss of energy by electron collisions reduces 


the effective field there is little probability of high energy 


electrons existing. 
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The contrary situation exists in the evaculated cavity discussed 
in the preceding section where relativistic electrons were seen to be 
possible. Since ionization efficiency is greatest at low energies 
the ionization rate depends upon the time that the electron spends 


in the low energy region. 


The rate of ionization (ion pairs per torr-RF cycle) is 
determined by integrating J a, dx = f a, (wt)v(wt) dot. On the axis 
this may be readily calculated as having a maximum value of .47 at a 
peak field of 30 kV/cm, dropping to .25 for an axial field of 300 kV/cm. 
The case of 6 = 0 need only be considered since most other electrons 


are lost to the end walls in relatively few RF cycles. 


Off the axis, calculation of the ionization rate is rendered 
difficult by the complex nature of the electron moeqont For small 
r, the ionization rate is high for fields in excess of 30 kV/cm, 
but as radial velocity increases, the ionization capability of the 
electrons is diminished and the finite free lifetime of the electrons 
(about one RF period at 300 kV/cm) reduces the net ionizing effect 
of the off-axis electrons. The statistical nature of ionization 
phenomena further complicates the evaluation of ionization probability. 
It is therefore advisable to develop more simple criteria relevant 


to the particular problem. 


8.2.3 Ionization Initiated Discharges . 


The differing forms of discharge noted in section 7.3, may be 
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in part explained by referring to the foregoing section. 


A clean vacuum surface is an impossibility since the surface is 
generally contaminated prior to being placed in the vacuum and even 
under ideal conditions gas molecules condensed from the vacuum form 
layers on the surface by the process of adsorption. If the surface is 
subsequently heated, the adsorbed gas is released and the vacuum degraded 
by what is termed outgassing. Molecules may also be extracted by high 
local electric fields or be knocked out by accelerated particles on 
impact with the surface. Electron density is dependent upon both 
the ionizing efficiency of free electrons and the gas pressure, thus, 
assuming the existence of the former, for a sufficiently high out- 


gassing rate, an avalanche vacuum discharge will result. 


For low fields, ionization probability is a maximum at the 
center of the cavity, diminishing toward the cylindrical wall. 
Conditioning discharges are then dependent upon the ceramic surface 
and the cavity end wall. If multipactor is possible, the electron 
density is increased significantly and interaction with outgassing 
molecules enables a more stable discharge, aed the electrons possess 


an adequate energy distribution. 


At high power further complications may occur. The surface 
profile of the ground disc in Figure 2,1(a) readily indicates that 
depressions with dimensions of the order of tens of microns could be 
present on the unpolished circumference of the titania disc. If air, 
trapped within such a depression, were released due to expansion of the 
copper ring, there would be created at the edge a gas bubble expanding 


at a rate determined by the thermal velocity of the molecules (typically 
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r = 4x 10° cm/sec). The necessary requirement for an avalanche 
discharge is that each electron ionized within the volume of the bubble 
must be capable of producing a minimum of one secondary electron. 

Using a characteristic dimension x, both for the interaction path of 
the ionizing electron and as the bubble radius (givinga volume ux?) 


2 


this requirement reduces in its simplest form to: 


a.PX = a. 3 Xue 


Assuming a void volume V,= 1077 cc with an initial pressure R=760 
torr, and taking maximum aj,x ~.3 mm. It is therefore evident that only 
electron motion near the copper wall adjacent to the ceramic need be 


considered. 


Figures 8.3 and 8.4 show electron trajectories and the correspondin« 
velocities of electrons originating in this region for peak axial fields 
of 300 and 100 kV/cm respectively. At 300 kV/cm, for ro? 995R; the 
electrons do not posses sufficient average energy to maintain ionization; 
however eg .99R is more than sufficient. At 100 kV/cm the corresponding 
radii are .98R and .97R. It may be noted that at 100 kV/cm the 
electron is generally moving towards a region of lower field, thus 
after a finite number of collisions, electrons will not possess 
sufficient energy to continue the ionization process. At the higher field 
strength, however, there exists a substantial possibility of electrons 
travelling into regions of higher field, yet the electron trajectories 
are compact, being .3 to Imm in comparison to the 1 to 3mm lengths 


evident at 100 kV/cm. There then exists for each field strength, some 
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radius, r » where the ionization probability is a maximum. For 


imax 


300 kV/cm it is reasonable to take ee -99R and at 100 kV/cm 


~ .975R. The condition necessary for avalanche is that ee 


imax 
coincides with an expanding gas bubble of. sufficiently high pressure 
that a, Pax >1. Assuming a free electron lifetime of one RF period, 


a 


at the end of a single pulse (10° cycles) the final electron density 


would be of the order n= n fa,pdx) A substantial number of 


me 
electrons would be lost by diffusion, but for a sequence of gas bubbles 


at rapid intervals, avalanche breakdown becomes feasible. 


Thus, the discharge is local and dissipates most of its energy 
over a limited area of the disc surface. Local reduction of the titania, 
followed by increased RF power dissipation ends eventually in breakdown. 
This is confirmed by the small treeing patterns observed about 2 mm from 
the edge of the uncoated discs. At lower powers the gas bubble may 
expand further before the corresponding Paes is reached, thus not only 


is the effective internal pressure reduced, but the discharge energy is 


' dissipated over a wider area. 


The microwave probe was introduced in part to gather more 


information on the microwave discharges observed. 
8.3 The Microwave Probe 
8.3.1 Perturbation of EM Waves in a Plasma 


Maxwell's equations for an EM wave are: 
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Voae wane a | 8.10(a) 
veHe ot 2 8.10(b) 
Magill Fie 8.10(c) 
yep 0 8.10(d) 


Since. J =o E and D = « E, for a field ce)”, equation 8.10(b) 


may be written: 


and the corresponding wave equation would be 


2 
ds OM Fre 3 8.14 
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For a low density plasma, where the electron density No is small 


compared to the gas density No? the equation of motion for an electron is 
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where Min represents the collision frequency between electrons and 
molecules (electron-electron collisions are ignored by the definition 


of a low density plasma). 
Assuming the electron follows the electric field & juv and 


equation 8.15 becomes: 


eE 


VEE mv, + Jw) 8.16 


The convection current density is given by J = Noev or 
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. Ne e E(v-Jw) 
ee SE Eee a Ges 17 
fie (ule See) 
m 
and the plasma conductivity is: 
5 N ef (v.-Jw) 
o= >= 8.18 
E Cae 
m (v + ) 


In low vacuum where the collision frequency is high, the plasma 
conductivity has an appreciable real component; however, for the case 
jn question, the pressure is Woe. torr, collision effects can be ignored 


(v, << w) and the conductivity taken as imaginary. 


The effective permittivity of the plasma is then 
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more usually written as 


Ree 
See! iy ED 
Ep € a 9 ) 8.20 
’ Ww 
Ne Vy 
where we = ( a is defined as the plasma frequency. 
e 


Hence the presence of a low pressure, low density plasma reduces 
the permittivity and increases the phase velocity of an EM wave 
travelling through the plasma; or in the case of a resonant cavity 


would increase the resonant frequency. 


The microwave probe method is typically used with low temperature 
plasmas where electrons are assumed to have low average kinetic 
energies. In applying the technique to high field vacuum discharge 


measurements, a number of points should be noted. 


Electrons are influenced by two fields, the pulsed high power 
and the CW probing field. The latter can be considered to only slightly 
perturb the motion of electrons following the main field. Where 
relativistic energies exist, the effective mass of the electron must be 
substituted in the above equations, thus coupling the two fields. It 
is desirable that the two fields be in quadrature with each other and 
not be harmonically related in the frequency domain to minimize coupling 
effects. Fortunately in the present application the discharges 
are characterized by relatively low peak fields; therefore no relativistic 


correction need be applied. 


et 


08.6 


2soubey, onesiq soley mee lllesinst wot 6 ies et 
avew MI n6 to Ytsolev. s2eitg ‘on eae pqiont., berm vars 
\tivs9 divenoein fi 70: 9869 ‘odd nt 0. isoeste eas quot @ 


“deaubieatiiies wot Ag iw deew at eee? cet sugeacilach beste . 
. obsati soenave wal Wet wt tamiea6 ss 2naritoats ov aw ee 
iit mov bist? dptvt ad supranasy: “sh patytags al | | : 

“ane : ; att 98 a ann 1 en 5 


WOR eve baeiua ofit hier ons vd beonapitnt STH. anentoatd 


_faaipere ‘une ob bérabiariod bd ko wetdet att Jbt ort inten Ps = q : 
o1gAW bist avon ‘atts ee dane he bi sabia a ons 4 j 


J ie “alt ithe “dt cnuherbauy nF 9d abst pangerney sent nn 


ami eshatatm % itech. Yotewpsyt ant pt betel o+ x I.teo troantad nctihe ie my F 
a. Saree - 


t.. arblsetb sit ‘nofdeo? tee, asad a8 Ar jetty yo} eine , in ‘ 
Biabintien-oe ial spb at7 ‘ay ot elantsetay vd bostragoevedta a on 
leh At 7.) ae bata Nias i ashi) Be 7 


7 


8.3.2 Selection of Probing Modes 


The cavity is capable of supporting numerous modes in the 2 
to 10 GHz microwave band, but for practical reasons TEO in modes were 
selected for this application. Not only are these fields in space 
quadrature with the ™M5 1 high power mode, but coupling into the cavity 
can be achieved by means of a small slot machined into the end of the 
cavity. The narrow, radially oriented slot, being parallel to the 
Surface current flow on the inside wall of the cavity did not distort 


the main field pattern. 


On the basis of a .50 cm thick disc in the cavity of section 


4.1.3, the calculated resonances were: 


TE 9] ] GHz 
TE9 19 3'o3 le AGhiZ 
TE973 6.01 GHz 
TE 914 6.73 GHz 
TEn15 6.97 GHz 


These modes were excited through the slot by electric coupling 
of the TE 9] mode propagating in a suitably oriented section of rect- 
angular waveguide. J-band wavequide with a cut-off frequency of 4.3 GHz 
was chosen in order to attenuate any high power leakage from the cavity 


to the probe circuit. Attenuation of the 2.87 GHz signal would be 


given by [105] 
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A Y, 
Ai dbz G486 on a.-( yey? 8.21 
Cc 


=5.83 dB/cm 


The probe signal was to be about 100 mW, thus to reduce any | MW 
leakage to at least 1 mW, the section of waveguide would have to be 


16 cm. 


The waveguide excluded the use of both the TEo1] and TE} 2 
modes as they are below cut-off; whereas limitations on the power 
supplies available meant rejection of the TE ng and higher modes. Of 
the remaining three, the TE 913 mode was too low to be useable so that 
measurements were restricted to the TE 4 and TE 5 modes. Field 
patterns were confirmed by perturbation using a. thin dielectric rod 


fitted with a metallic bead. 


8.3.3 Cavity Modifications for Probe 


To install the J-band adapter for the probe signal, the cavity 
was modified by replacing the cavity top section by a cylindrical 
section with clamping grooves at both ends. A 6" length of J-band 
waveguide a5" x z") was soldered to a grooved backing plate such that 
the axis of the guide was offset from the cavity axis by 1.925 cm in 
order to excite TEO in modes. A O76cmthick copper disc with a coupling 
slot .15 cm x 1.4 cm, again offset 1.925cm,was placed between the 


backing plate and the cavity. By clamping the plate to the cavity in 


the normal manner, the disc became the end wall of the cavity. 
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A standard J-band flange at the other end of the waveguide mounted 
a coaxial-waveguide adapter and the wavequide itself was provided with 


vacuum pumping holes. 


Figure 8.5 is an exploded view of the cavity with probe attach- 
ment. Also shown in the background is the unmodified cavity with 
micrometer attached for perturbation measurements. Figure 8.6 shows 
the modified cavity assembled in the cavity mount prior to being placed 


in the vacuum envelope. 


There was no noticeable change in cavity Q or resonant frequency 


despite the increased complexity of the system. 
8.3.4 The Microwave Probe Circuit 


To obtain a sufficiently high signal level, a mechanically 
tuneable Varian VA244A reflex klystron with a 500 mW output was connected 
to a J-band waveguide run consisting of an isolator, wavemeter and 
directional couplers. The waveguide was coupled to the cavity adapter 
by coaxial cable and vacuum tight feedthroughs. Figure 8.7 outlines 


the probe circuit. 


The TE mode resonances were displayed with the high power pulse 
waveforms on the 556 Tektronics oscilloscope. One timebase was used 
for the pulse signals: the horizontal sweep sawtooth of the second time- 
base was applied to the klystron reflector to sweep the klystron through 
the probe resonance. By delaying one timebase with respect to the 
other, the probe resonance could be placed at any time relationship with 


the high power pulse. The need for a high sweep speed (approximately 
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Figure 8.5 Exploded View of Cavity Fitted with Probe Adapter 
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Figure 8.6 Assembled Cavity with Probe Modificat 
Cavity Mount Prior to Insertion into the Vacuum Envelope 
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5 MHz/usec) did result in a slightly degraded resonance due to response 


limitations of the klystron supply and the crystal detector. 


The two modes could be obtained from the same klystron although 
this involved mechanical tuning. An attempt to display both modes by 
using two klystrons isolated with magic Tees was partially successful, 
but increased mismatch in the waveguide made observation of the crystal 


Signals more difficult. 


From Figure 7.1 it is seen that leakage of the high power was 


negligible compared to the probe signal. 
8.4 Microwave: Probe Measurements 


The microwave probe was first used in a rudimentary form during 
the second run on disc #5. Improvements were made in the system and 


useful results were obtained with discs #9, 8, 11, 7 and 6 


In conjunction with the other breakdown parameters; power, 
pressure, and radiation output; the TEQ14 mode resonance was continually 
monitored except for occasional observations of the TE), mode for 
comparison. The probe rezonance is displayed as the top trace in each 
of the oscilloscope photographs in Figure 7.1. The first frame is a 
double exposure of unperturbed and mismatched signals: the displacement 
of the probe resonance can be readily observed. The degree of perturbation 
was measured using the oscilloscope sweep magnifier, tne minimum shift 


resolution as determined by trace readability and jitter being equivalent 
to: 100 ‘Gklz . 


The results supported the observations of the previous chapter. 
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Three different types of perturbation, and hence discharge were noted. 
In each case conditioning occurred; for the interval of the discharge 
the probe resonance shifted about 600 kHz. Whereas conditioning 
discharges diminished in time for the Ti coated discs, those discs 
lacking the coating maintained the more stable multipactor type dis- 
charge over the limited power range referred to in section 7.3. The 
resonance shift was about the same, but lasted for sufficient time to 
evaluate the electron density through the period of the pulse. In 
Figure 8.8 the maximum perturbation and consequently electron density 
occurs at 3 usec when the field is at its maximum and dies within 


3 wsec after the pulse. Both modes gave similar results. 


Over 100 kW occasional discharges were observed, the frequency 


perturbation varying between 500 and 1000 kHz. 


At peak power levels over 700 kW, the probe reacted differently 
during the discharges. For the short interval that the discharge lasted, 
the probe resonance completely dissappeared. Tuning the klystron to | 
frequencies up to 20 MHz higher did not aid in finding the displaced 
resonance. In one case where the discharge lasted sufficiently long, 
the resonance reappeared only when the delay between the input pulse 
and the probe sweep was 35 usec. This would indicate that the duration 
of the discharge was 6 times that observed for low power discharges; 
however, this could not be confirmed since breakdown occurred in the 


other discs before measurements could be repeated. 


The cavity was generally dismantled following the first high 
power discharge. Prior to the installation of the probe,visual 


observation was the best means of determining the existence of a cavity . 
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disc #8 150 kW peak 


disc #11 140 kW peak 


330 kW peak 


87 kW peak 


2 Si 4 5 6 
Time after Start of Pulse ( usec) 


Perturbation of Microwave Probe at High Power 
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discharge, since a mismatch in the high power circuit could be due also 
to breakdown in the waveguide. By continually monitoring the probe 
response a cavity discharge could be readily noted. 


8.5 Interpretation of the Probe Results 


8.5.1 Frequency Dependence of TEO yy Modes 


Equation 8.19 is valid for only small perturbations in c«, ji.e., 


w. << w. It may be rewritten as: 


W 
Therefore, ia = - ( - 2275 pr ees 


This quantity and hence Ne can be related to the frequency perturbation 


in one of the TE modes. 


For the TE modes the fields in the vacuum region are [106 | 
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If n is odd the fields are symmetric about the plane n = QO, and the 


fields in dielectric are: 
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ns = BoJ, (kr) COSBon 8.25(a) 
ED 
Hee = - Ke BoJ, (kr) SinBon 8.25(b) 
= 2 Juih | 
ES kK BoJ, (kr) COSBon 8.25(c) 


and for n even (H, and EY antisymmetric), the dielectric fields are: 


zee = Bod, (kr) SINBon 8.26(a) 
Bo 
Bee = + kK. Bod, (kr) COSBan 8.26(b) 
ene | 
Es. = - kK Bod, (kr) SINBon 8.26(c) 


Following the same procedure as in section 4.1.2, and matching fields 
at the dielectric-vacuum interface, the conditional equations for 


matching are respectively: 


tang_p tang,q = © (for n odd) et Oey 
fe) 2 D 


8 
tang oP cotsng = - ls (for n even) 8.28 


Bo 


Taking partial differentials (after the method of section 5.4) with 


respect to A and ce, the frequency perturbation Af and de are related by: 
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For n odd and n even respectively. The corresponding relation for the 


TM] mode is: 
pie eae [6,°e. “+tane_p]-tané_p 
Beate warneka OF Ihe 0) Ae ROP Ta O's. dE 8.3] 
€ 2 Nae 2 ‘ 
h ho B, LB gpsec B,p+tane p 
The above three equations have the form ce K af where K 


is a function of the mode and is calculated in Table 8.2 for two discs 


(#6 and #8). 
8.5.2 Comparison of the TE O14 and TE 15 Modes 
The quantity Ne in equation 8.23 is a space averaged density more 


correctly written as N,. The relationship between N, and the true spatial 


distribution No being [100] 
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Ne is unknown, but one model might be that of an electron cloud of 


8.32 


thickness d at the surface of the disc. This would be representative 
of the multipactor induced discharge at the ceramic surface. In its 


simplest form the distribution is 
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Table 8.2 Parameters for TMoq 1° TE 9} 3> TEo14 AND TE O15 Modes 


K is defined in fe = K= 
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The measured average density for the TE ny, mode would be 


p -R 
f fr. N(r) J atk. r) sina, jz andzdr, 
W, =Pr4 


e > > 8.34 
Sf fr (kr) sins. uz emdzdr . 


with a similar relationship for the TE 


Neve Ne and simplifying 


014 O15 


015 mode. Taking the ratio 


8.35 
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TE 
015 
Fe 8. 36 


Substituting values from Table 8.2, the variation of this ratio as 
d is increased to its maximum, p, is found to be that of Figure 8.9 . 


Rewriting equation 8.23: 
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Taking the ratio of the two modes and substituting the results from 


Figure 8.8: 
N . 
@ re (Kfdf) +. 
Oe oe 014 = .97+7.22 8.38 
(Kf df) 
— TE 
N 015 
= tb 


015 


Referring to Figure 8.9, equation 8.38 is satisfied for 


foe adie 9 iim 
ad. 6.1 (25rem 


From Table 8.1, the excursion of an electron is the order of 1 cm; 


hence, the latter case is physically more probable. 


In the above analysis comparison has been made on the basis of 
one distribution model. By using a number of different modes and 
hypothesising several models the distribution of the. discharge can 
be accurately estimated. The usefulness of the probe technique in 


discharge diagnostics is readily seen. 


8.5.3 Comparison of TEO14 and Won Modes 


Extending the approach of the previous section, the model of the 
electron epaua must be amended to include radial dependence. It was 
seen in section 8.2 that the highest ionization probability is in the 


region of the circular wall (at moderate and high powers). Therefore, it 
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is feasible to propose a donut shaped cloud with the distribution 
N= N p =z d3jak-r >. d 
| 8.39 


0 Das 2 < Os "Ber <q 


where g is the radial thickness of the cloud measured from the: copper 


wall. 
For the ™ 1] mode equation 8.32 becomes 
Ir (E o's E-*) 2nrdrdz 
— enZ r 
Ne = 7 D 8.40 
fie, tE )enrdgdz » 
where E, and E,. are defined in equation 4.1. The contribution of 


the radial term may conveniently be ignored by specifying a maximum 
limit upon r = .97 R. (See Section 8.2: the ionization probability rapidly 


approaches zero near the cavity wall at r=R.) At this radius, the ratio 


E, By J, (kor) sing.z 
Ee Ko Jy (ker) COSB 2 
has a maximum value at the ceramic surface of .141 and the error in 


the numerator of equation 8.40 would at most be 5%. (this error decreases 
with increasing g and d).- 

By thus simplifying equation 8.40, the numerator and denominator 
can be separated into integrals over r and z. Dividing into equation 


8.34, we get the ratio Ne ic : 
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This may be written 


Ae De perraceya , 3) | Gearing ; | 8.4] 


where R 
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Evaluation of these two terms as d > p and g > R, respectively, 


yields Figure 8.10. 


Substituting equation 8.37 into equation 8.41 gives 
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8.44 
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Using this equation, Table 8.2, and Figure 8.10 the perturbation 
of one mode can be estimated if the other is known. Taking the case 
where the electron cloud entirely fills the cavity; i.e., d = p and 


r = R, we get A fora Fie 2 0 foul: Thus, a perturbation of 600 kHz in 
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Figure 8.10 Comparison of TEny4 and ™o1] modes 
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the TEo 14 mode would signify a perturbation of 3 MHz in the ™Mo14 


mode. 
The power absorbed by a cavity perturbed Af from its resonant 
frequency i 1s 


Po 
eS ——— 8.45 


2 
(Aga) 
] + (224-9) 
0 
where ie is the absorption at the unperturbed resonance. The equivalent 


relation for the electric field is 


E 
spycam 8.46 
(+ ( At yy | | 


0 
Referring to Figure 8.8, the calculated 3 MHz shift occurred at a power 


of 87 kW peak (94 kV/cm). The effective perturbed field (taking 
Q = 7000) is 6.4 kV/cm. Most of the power is reflected, thus accounting 


for the high mismatch observed in the main guide during the discharges. 


At 6.4 kV/cm the maximum electron energy is between 110 and 
440 eV (equation S74), close to the minimum energy for unitary secondary 
electron emission for titania (Figure 2.2). Any further perturbation 
would result in too low an energy to support multipactor; hence, for the 
case of a resonant cavity, the perturbation is self limited accounting for 


the stability of the probing mode during multipactor discharge. 


For discs coated with titanium to suppress multipactor the degree 
of perturbation is also determined by the electron energy; however, the 


criterion is the ionization efficiency. In conditioning, the absorbed 
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gas released by heating of the surface is ionized by energetic free 
electrons. The discharge will continue for the duration of the outgassing 
provided the field is sufficient to support ionization. Since ionization 
probability is highest for fields 10 to 30 kV/cm, the shift in resonant 
frequency is limited to that necessary to reduce the effective peak 


field to these levels. 


8.5.4 Electron Density 


In the foregoing, only a comparative analysis has been conducted. 


The actual electron density has not been calculated. 


Taking equation 8.37 and substituting directly the constants for 


the TE mode, the averaged density for the recorded perturbation of 


014 
GOO KHZ TS 2x 10° electrons / cm % Densities up to 10! em72 can be 
measured by this technique, so that this would be an accurate estimate 


for a multipactor plasma filling the entire volume. 


Using this figure some insight can be gained about surface 
charging. Most of the electrons originate from the ceramic surface 
leaving a net positive charge. Since the distance from the cavity end wall 
to the disc was 3.12 cm, this translates as a surface charge density of 


10 


10° coul/em*. By Gauss's Law the surface charge gives rise to a field 


on each side of the interface: 


which in vacuum is 118V/cm. A field strength of this order will not 


directly affect breakdown; however, it may have other consequences. The 


oof : ‘ ; ANA i Lah ay ae " Mi ‘' 


omy sidap iene @ hosts: 2b oostuue: oe Pere | 
pnteesptiio Shs to Kot stb onl oF SFOS UT bw! apnsdaeib ont 
adijesratt gonte - ovis? ok Segue ad dnstathtus et bleh, 
tnenoeey nt dyite. one “00 oe of. OF 2btart dot arerete avin 


bad ubAio> need Jpn 2tey ons avitevnots & ci senior i “” 


ibehs{upine aged +om an Nebenell woviaa ts 1 


oF -zinsteahs. sri witostih pabsus she ons. tea nt sips oie 


to Notisdyud: 199. bob 1oge: SND: vor. tant papsnove : ait < Sbom aro 
90 nes ome ALY ne a dotdigngd Wa) \anoranete “or x re } 
ich a ‘ y ™ i 

| stentses erty ng sd tua! a fea oe coo lnto9s aig a | 


“eo ot ane ai p84 puesta soomtia ¢ 


aaa ‘siode bbanten a i169 Aiprant sige, avuet} ent HHA G5 rai c 


) ‘epeTaue atihsra0. odd mort 33 anit 0. 2horsael a: aid to. sen x sprigs a 
“Tew tm vsiys9 atid nov? apis or Sante cayreno evtstaeg jon's sah ae 
+ faced 
Fy viansb sped goers 6" 26 eagelenant otny it a c 26w o2tb ont . 


Sn0\ tu0o gee Me 


eT 


bist? 6 O3. Bei eavte pA 5g, aaah an N6S 2 ‘22080 us 


“, nes tee oi eon i 
. | | ssoetrosi avid Ye obte i263 19 ed ee 
s « . f gee, ~ hos 


e ‘ * f on : 7, oi 9 ne it ane 
ae aw = 3 : AO or aN ae 
Vie ae ei oe Rt. tie Ne aw 


Ks 
ri ve i : 4 


: MOV “ muuaey at pe a i 
tS ARN |¢ 
inwobitesr jootts visdanib : 


og ¢ i. vi Gd f 
4 c fi ey | ae Wil 


197 


presence of a DC field will help to maintain multipactor even in low 


RF fields and also contribute to ionization near the disc surface. 


Of course with titanium surface coatings the multipactor would 
be prevented. Even if the film were too thin to suppress electron 
emission, the surface conductivity would eliminate any subsequent surface . 


charging. 


Interpretation of the electron density during the high power 
discharge is impossible. Even if the perturbation could have been 
determined, the localized nature of the phenomenon would necessitate 


use of equation 8.32 to ascertain the true discharge electron density. 


Two possible explanations are offered for the inability to 
measure the TEny4 mode shift. If the perturbation were actually over 
20 MHz the electron density would be excessively high. This also 
implies a perturbation of 40 MHz in the ™ 1 mode and a reduction of 
the effective field to 2.5 kV/cm, a value too low to support ionization. 
More likely is a on explanation: the perturbation was less than 20 MHz, 
but the electron density fluctuated as the released gas expanded into 
the cavity. The response of the probe circuit, primarily of the detector, 
which had a rise time of 100 nsec, was then inadequate to follow the 


rapidly moving resonance. 
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CHAPTER 9 


EXPERIMENTS WITH MULTI-DISC CAVITY 


9.1 Development of a Longer Structure 


9.1.1 Introduction 


The stated intention of the experiments with the single cell 
cavity was to simulate the conditions in an accelerating structure with 
minimum expenditure of discs. Although theoretically valid, in practice 
the limitations presented by the short cavity, namely, the effect of 
the coupling iris and the lack of a central hole through the discs, 
suggested that to make a more complete analysis, a number of experiments 
should be attempted utilizing a longer structure containing a ante 
nuibelerr discs. In designing this structure it was intended to build 


a representative section of what could be a proper accelerator. 

9.1.2 The confluent Structure 

One of the advantages of the dielectric structure over its metal © 
counterpart is that it can be operated in the n mode, since confluence 
between adjacent pass bands is possible, allowing a real phase velocity | 
and good separation between the 1 and adjacent modes. The confluent 
structure has been Wesorihed by Walker and West [107] with emphasis on 
its advantages. 

The basic requirement is that the characteristic wave impedances 


in the disc and vacuum be identical. These are 
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and equating gives the condition for confluence, 
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Equation 9.3 provides the constraint on equation 4.6 mentioned in 


section 4.1.3 such that 
tan BoP tan Bad = | 


and hence 


For a phase velocity.= c in the structure the discs must be 


placed at intervals of oa making 


20 iZ2aN= 5 9.5 


Solving these two equations, 
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Using titania, e«. = 95 and a frequency of 2868 MHz the parameters of 


e 
the structure would be 


f= 2853 MHz (A, = .10453 m) 
BLY iaigtlyl4 in| | 

8. = 585.8 m'! 

R= 4,022 cm 

2p. = . 4.736 cm 
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OF lies Practical Considerations of the Confluent Structure 
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From Figure 5.11, the introduction of a 1.25 cm diameter iris 


through the disc increased the resonant frequency by 5!5 MHz. 


As the cavity length is increased to n_ sections, the perturbing 
effect of the coupling iris is reduced (see Figure 9.2) but to maintain 
near unity coupling with the main guide, the iris must be increased by 


a factor nt/6 


(from equation 4.12) and for shorter cavities this 
perturbation should be accounted for. For the case n=4, the measured 


perturbation was 3 MHz. 
There is then a net increase of 8 to 9 MHz which must be compensated 
for by making the discs thicker. With 2q=.53 cm the 4 disc structure 


resonated at 2867 MHz in air. 
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9.2 Low Power Measurements 
9.2.1 Introductton 


Initial measurements were proceeded with as the discs Pereebeine 
machined and these results have already been incorporated into section 
9.2. Once the structure was complete, more comprehensive measurements 
were conducted although the techniques were identical to those used 


for the single cell cavity. 
9.2.2-hield Profile 


Figure 9.1 is the field profile (Eo) of the 4 disc cavity. 
Similar patterns were made for pavitiee with from one to five discs and 
the maximum perturbation (indicating maximum field) an the inter-disc 
space is given in Table 9.1 for each case. Knowing the effective volume 
of the bead used (see section 5.2.4) the shunt impedance at any point 
on the axis may be determined from the profile. In the table the shunt 
impedance and field shown are for the maximum perturbation; values for 
other regions can be found by multiplying by the normalization factor 


in parentheses and its square root respectively. 


9.2.3 Effect of Cavity:Length on Parameters 

As the volume of a cavity is increased the perturbing effect of 
the coupling iris is reduced. Figure 9.2 shows how, as the cavity. is 
lengthened, the resonant frequency asymptotically approaches the 
frequency of the loosely coupled structure. There appears to be little 


difference whether the cavity has discs or is empty. 
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Table 9.1 Maximum Frequency Perturbation for Various 


Cavity Lengths (in KHz Using 3.14 mm Dia Bead) 
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Figure 9.2 
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empty guide 
(theoretical) 
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Figure 9.3 Variation of Cavity Parameters with Cavity Length 
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The Q for the longer structure is higher than for the corresponding 
single celled cavity. The losses in the end walls need only be 
considered once; therefore, taking the notation of section 5.3, the Q 


may be taken as 


w U 


] 
W = FOR amoxly 
sum ( n) end 


9.8 


Using the values for disc #8, the Q of a three disc structure would be 
1.37 times higher than that of the Single disc cavity. The measured 

value was less (Figure 9.3(a)). The variation of Q for the To19 mode 

was as expected; hence, the disagreement must be due to an error in 
assessing the loss in the disc. As the ceramic fills a larger proportion 


of the cavity volume, lengthening the cavity has less effect on Q. 


A third parameter which is strongly dependent upon length is the 
coupling coefficient Bes It can be seen in Figure 9.3(b) that the 
factor L. has a near linear dependence upon L. For a five disc 
Baa vies (L =26.1 cm), the minimum iris diameter is 2.2 cm. 


9.3 The Electron Gun and Detector Circuits 
9.3.1 The Electron Gun 


In order to further simulate accelerator conditions, provision 


was made for installation of an electron gun at one end of the cavity. 


For simplicity, CRT electron guns were utilized. The gun, 
mounted on a plexiglas flange at one end of a glass cylinder, produced 
a controllable electron beam which was focussed through a_ 1 cm diameter 


hole in the aluminum flange at the other end and into the first cavity 
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section. Pumping of the gun envelope was through the same hole. While 
not ideal from a vacuum standpoint, such a simple arrangement enabled 
the mounting of the electron gun without extensive modification. The 
gun, electrically isolated from the cavity, was placed at -30 kV using 

a separate DC supply. The necessary anode bias voltages were obtained 
from resistor dividers and the filament was heated by a 30 kV isolation 
filament transformer. Coarse adjustment of the beam was mechanical | 
by means of three adjusting bolts, and the CRT deflection plates were 
used for final alignment. Alignment and focussing was accomplished when 
the gun was energized, by using a 1 m length of plexiglas rod to rotate 


the respective potentiometers. 


9.3.2 The: Gun’ Trigger Circuit 


To determine the effect of the electron beam on the structure 
operation, a triggering circuit was essential for a pulsed electron beam 
which could be adjusted in phase with respect to the high power pulse. 
Since the electron gun cathode and grid were at -30 kV some form of 
electro-optical coupling device was first considered to transmit the 
trigger signal to the grid, but because of component availability a 
' microwave link was used. A paved avecreree from the high power circuit, 
triggered a pulse generator with variable delay. The delayed pulse 
modulated a reflex klystron signal source to provide a low power micro- 
wave pulse at an antenna. A few cm away, the receiving antenna, at 
-30 kV, fed the pulse into a detector at the input of a pulse amplifier. 
The amplifier output was a positive going pulse which switched the CRT 


grid from -50 to 0 V for the duration of the trigger pulse. Power for 
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the pulse amplifier circuit was derived from the secondary of the filament 
transformer. The circuit, shown in Figure 9.4, gave pulse lengths of 


1 to 10 usec with rise and fall times of .2 sec. 


The one difficulty inherent in this system was the possibility 
of leakage from the high power system triggering the circuit. In 
practice such a leakage occurred in the high power attenuator but simple 


Shielding eliminated this once the source was discovered. 
9.3.3 Electron Beam Detector 


At the other end of the cavity section, a Faraday cage 
detector was placed to pick up the electron beam after transit of the 
cavity. The linear pulse amplifier of Figure 9.4 converted the current 
pulse to.a voltage which could be monitored on an oscilloscope. Since 
no retarding field was provided, this detector also collected electrons 
created in the cavity by the microwave field in addition to the 
electrons in the beam. ‘No provision was made for directly measuring 
electron energy since the structure was not a practical accelerator, 
and neither a buncher section nor a graded cavity section was used to 


preaccelerate the slow injected electrons (.33 c at 30 kV). 
The electron beam current at the detector was 2 yamp with a 


diameter of about 2 mm as observed on a phosphor screen. 


9.4 High Power Experiments 
9.4.1 Introduction 
It was intended to construct a six cavity structure for the 


experiments and for this purpose six discs were machined to the 


specifications of section 9.1.3. One of these cracked while being 
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polished and was discarded. The remaining discs were polished, coated 
and assembled into a truncated five disc cavity. The characteristics of 


these discs are given_in Table 9.2. 


One test was conducted with this structure. After the failure 
of one of the discs, this was replaced by disc #1 which had been 


reclaimed from the previous series of tests, and the experiment repeated. 


In the third and last experiment, the cavity was shortened to 
four discs in order to incorporate the electron gun and detector 


assembly. 


The procedure was similar to that followed with the single disc 


cavities except that no microwave probe was used. 


9.4.2 Experimental Results 


With the original structure breakdown occurréd during the first 
high power run at 1.3 MW peak power. This corresponded to 205 kV/cm 
and was much lower than would be expected on the basis of the previous 


tests. 


Failure had occurred in the disc nearest the coupling iris (#12). 
Investigation under the microscope revealed that this disc had not been 
properly seated in the copper ring and damage (type 3) was at the edge 


where a minute gap existed between the ceramic and the ring. 


To preclude any multipactor effects due to the copper wall, at 
this time the interior walls of the cavity were sputtered with a film 
of titanium, thicker than that placed on-the discs, but still much less 


than the skin depth for copper. 
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Table 9.2 Disc Characteristics 


Thickness Coating Q in T™ 
2q um mode 


cm Al.0 


me 
530 
530 83 12560 
+ Ti 
530" 83 | 13100 
+ Ti 
15 530 83 13100 
+ Ti 
ih 530 
5612 
g 538 


Discs #1 and 9 were recovered from previous experiments but 
only #1 was used. 
™o17) mode cavity length 5.223 cm 
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Disc #12 was replaced by disc #1, which was coated with titanium 
hie the alumina layer having been removed after the previous tests. 
Two more successful runs were carried out before failure at 1 MW peak : 
power. The first disc, #1, had failed again in a similar manner (type 3) 
but incorrect seating could not be offered as an excuse. In this case, 
the absence of the alumina coating may be the explanation for earlier 


breakdown. 


In both experiments the cavity was well behaved up to the point 
of breakdown. The normal conditioning discharges occurred at low 
powers but there was no evidence of multipactor. At high power the 
fluorescence on the glass windows and the distinctive blue glow on 
the disc surface were more intense than in the other experiments. The 
higher radiation readings would also suggest the presence of higher 


energy electrons in the cavity. 


The titanium wall coating did not affect the characteristics 


of the cavity under high power. 


9.4.3 Results Using 4 Disc Structure 

Difficulties with RF leakage prevented the full use of the electron 
beam during the first two runs with the 4 disc cavity. These were 
solved and the beam was used until failure in the forth run at a peak 


nower of 1.7 MW. 


Both discs nearest the iris showed some damage on the surfaces 
facing each other. At a peak axial field of 264 kV/cm a discharge 
between these two discs resulted in treeing patterns on discs #13 and 


14. Titanium was stripped off the cavity wall at two points adjacent 
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to disc #13. These regions were about 5 mm in diameter and coincided 
with the damage to this disc. There was evidence of surface discharge 
about the central iris of disc #14. Titanium had been stripped off the 
surface and the edge of the iris facing the electron gun had a thin 
wee peduiced region. The alumina layer was not damaged by this 
discharging. The other discs appeared to have had similar discharges 
on the surface but the titanium was generally intact and except for 


disc #13 were undamaged. 


The discharges were possibly induced by the electron gun. At 
low power the cavity behaved the same way as in the previous two tests. 
However, when the electron beam was turned on, the cavity became mis- 
matched to the line, in a similar manner to that encountered with the 
uncoated discs in the single disc cavity. The beam detector was 
saturated by free electrons generated within the cavity. By changing 
the phase of the beam pulse with respect to the power pulse the discharge 
could be easily controlled. At powers over 400 kW peak, the electron 
beam had no effect on cavity properties and only random discharges 
occurred. Prior to breakdown discharges in the cavity initiated 
discharges within the electron gun envelope. This was probably due to 
the relatively high pressure in the gun chamber because of the inadequate 


pumping hole and may have contributed to the failure of the discs. 


9.4.4 Summary of Results 
The conditions at breakdown for the three experiments are 
summarized in Table 9.3. The peak axial fields in the neighborhood 


of the discs are listed in Table 9.4. 
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Table 9.3 Summary of Breakdown Tests . 


Test 


5 discs 


#A 


5 discs 
#B 


4 discs 
#C 


prt: 
Hz 


100 


100 


60 


Average Power 


Forward Into Cavity 


r r 
a . 
380 210 180 
280 Vie 


Pulse length 3.12 usec 


Table 9.4 Characteristics of Discs After Breakdown 


Damage 
Observed 


undamaged 


undamaged 
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The copper edge coating did not fail in these tests; however, 
the breakdown fields were generally lower than those observed in the 


previous tests. 


Althougn the alumina coated discs did stand a higher field than 
the single uncoated disc, the extent of the damage was about the same 
in each case. The alumina coating did not prevent treeing at the edge 
as it had done in the tests of Chapter 7; it should be noted however, 
that the film thickness of .83 um was substantially less than that 
applied to the other discs. The surface protection did appear to be 
effective near the central iris of the discs where there was evidence of 


extensive surface discharging during experiments with the electron beam. 


The response of the cavity to the electron beam supports the 
hypothesis of section 8.2.3 regarding ionization probability. The 
ultimate electron density is a function of the initial free electron 
density No and has an exponential dependence in fa dz. The electron 
beam results in a significantly higher No allowing discharging at low 
power when maximum ionization probability is near the axis. However, 
at high power the probability is considerably reduced on the AGS. 
therefore, despite a high No the ultimate electron density is several 


orders of magnitude lower, insufficient to be recognized as a discharge. 
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CHAPTER 10 
CONCLUDING REMARKS 


A series of ‘experiments have been described in which it was 
attempted to assess the feasibility of utilizing optical coatings to 
prevent discharge initiated breakdown at a dafantte Waeuan interface 
in a microwave cavity. The experimental equipment Re sessaRYe TOY 


conducting the research has also been discussed in some detail. 


Radio frequency reactive sputtering gave controllable uniform 
films having excellent adhesion to titania. The slight reduction of 
the titania evident in the early trials was corrected for by establishing 
a four stage procedure involving a preliminary 300 A coating of alumina, 
Subsequent heating of the disc to 825°C in atmosphere to reoxidize both 
the film and the substrate, further coating of alumina to the required 
thickness and finally heating of the disc a second time to ensure a 


fully oxidized alumina film. 


Discs so treated evidenced greater probability of low power 
multipactor discharging than uncoated discs; therefore, Ti overcoating 
was resorted to in order to reduce secondary electron emission. A 
Film thickness of about 30 A, corresponding to a surface resistance 
of 7 k2/o in atmosphere, was found to totally suppress multipactor 
without significantly contributing to cavity loss. Considerable care 


was essential in preparing thin Ti films since the metal is highly 


reactive with both oxygen and nitrogen. Consequently the coated ceramic 
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had to be at room temperature before exposure to atmosphere and was 


immediately placed in the vacuum test chamber to limit further oxidation. 


Titania discs with the double coating were considerably better 
behaved in a microwave Field than discs that were uncoated or had only 
the alumina layer. At low power levels, corresponding to peak axial 
fields less than 100 kV/cm, only occasional conditioning Wie chavcees 
were observed. In contrast multipactor type discharges were prevalent 


when discs lacking the titanium film were tested. 


No disc failures were recorded in this low power region. As 
shown in section 8.2, a vacuum discharge, either due to multipactor 
or conditioning, involves an increase in the electron density. The 
electron cloud effectively changes the permittivity of the. vacuum thus 
perturbing the cavity resonant frequency. The auaniane of a resonant 
structure in such a case is quite moles any increase in the charged 
narticle density is counteracted by a reduction in the effective field 
resulting in a controlled low energy discharge. At low power the 
discharge tends to fill the entire vacuum space, hence any energy 
transferred from the field to the electrons is expended over a wide area 


of the discharge chamber. 


Tne use of the microwave probe technique proved to be very 
useful not only to determine discharge parameters such as electron 
density and electron energy but also to distinguish between the different 
types of discharge, especially those prevalent immediately prior to 
breakdown. By increasing the number of modes and nence parameters 


available the method would seem to be of considerable use in analyzing 
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vacuum discharges. 


At higher power levels consideration must be given to thermal 
effects. Ina practical high Q structure, filling time would dictate 
a pulse length over 3usec and a reasonable pulse repetition frequency 
would be demanded; therefore the duty cycles used in the experiments 
may be considered representative. Power dissipation within the 
titania consequently becomes a decisive factor. As seen in section 5.4, 
the cavity resonant frequency is strongly dependent upon temperature, 
a fact which was readily verified during the B Merttinrttes This is over- 
Shadowed by the possibility of thermal breakdown at high average powers. 
Under normal conditions disc fracture could develop due to a 74°C 
temperature differential across the disc, but localized thermal stresses 
initiated by impurity defects or discharges will lower the breakdown 


threshold. 


Seven of the eleven discs tested in the single cell cavity 
experienced some form of fracture. In two this was a result of normal 
thermal stresses: in the remaining five, the cracking was localized at 
the edge, evidently due to discharges between the ceramic and copper 
ring. The fact that two other discs withstood Agta tent or higher 
Fields indicated that the problem still lay with the edge coating. 
Although demonstrating good adhesion to the titania, and apparently 
uniform both electrically and visually, under microscopic investigation 
the copper coating was seen to have random holes up to a hundred microns 
in diameter. Since other discs with a better surface finish had more 
entire coatings, the source of the trouble was not the film or the 


coating method, but the ground surface on the circumference. 
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Having considered the implications of thermal breakdown some 
remarks can be made regarding discharge initiated breakdown. It was 
shown in section 8.2 that for the TM mode used, the ionization 
efficiency of free electrons is highest near the cavity axis for low 
peak fields and as power increases, the peak of ionization shifts towards 
the cylindrical wall until at the normally observed breakdown fields 
it is within a few mm of the wall. The increase of power also 
releases gas trapped in voids at ceramic and metal interfaces. We 
result is an intense discharge at the surface of the disc adjacent. 
to the wall. Subsequent reduction of the titania at one point leads 
to increased loss, local heating and gradually more extensive reduction 


over a wider area. 


The purpose of the surface coating, either glaze or aluminia, 
is to prevent the initial reduction of the surface. Hayes [108] states 
an improvement from 150 kV/cm up to 190 kV/cm by the use of the glaze: 
Free [109] allows that for titania in fields over 100 kV/cm there is 
no lasting solution unless the titania is glazed, in which case 300 kV/cm 
can be maintained. From the results obtained in the present work, 
considering those discs that may be fairly compared, it may be asserted 
that the alumina coating is as effective in preventing breakdown, 
allowing in one instance a field of 350 kV/cm. This statement must be 
qualified in light of comparative tests with uncoated discs and the 
tests involving the longer, more representative,structure. In the first 
case, uncoated discs were actually little eer to the coated 


discs in ultimate breakdown strength; however, two of the three discs 
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demonstrated surface damage, whereas the coated discs failed only at 
the copper coating. In the second series of tests using up to five 
discs ina single structure, the coated and uncoated discs withstood 
256 kV/cm and 174 kV/cm respectively although the relatively thin 
alumina film did permit surface damage similar to that on the uncoated 


miSCc.. 


It might be noted that the latter set of tests was more 
representative of an actual accelerator structure and even then proved 
capable of withstanding fields over twice those common in operational 


metal loaded accelerators. 


In view of the limited number of discs tested, the conclusions 
derived from these results must necessarily be guarded. It is seen 
tnat titania suitably prepared, when coated with at least one micron 
of alumina is capable of withstanding higher microwave fields than 
equivalent uncoated titania. The actual field strength will vary with 
the film thickness and the particular application but is in ited: of 


250 kV/cm. It should be noted that there appears to be no great 
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advantage over the glaze at S-band frequencies considering the additional 


processing required including optical polishing and rather lengthy 
sputtering period: the advantages will accrue in higher frequency 


structures where disc dimensions are more diminutive. 
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APPENDIX A 


PROPERTIES OF TITANIA 


The relevant physical properties of titania are summarized in 
Table A.1. These values are strongly dependent upon conditions during 
manufacture and variables such as temperature at the time of testing. 
The values given by Schaefer [110] have been taken as relating to the 
actual ceramic used in the experiments; however they have been qualified 
in some instances by data from the literature and from measurements 


conducted in the course of the work. 


Under test the ceramic was subjected to temperatures over a range 
from 20 to 200°C. Consequently the temperature dependence of individual 
properties must be taken into account. A particular case is thermal 
conductivity which may vary from sample to sample depending upon the method 
of manufacture and previous thermal treatment. The dearide of uncertainty 
can be seen in Figure 4.9. Although DC resistance decreases with increasing 
temperature, the same is not necessarily true of tané at microwave frequencies 


and it may be taken as constant within the stated temperature range. 


The mechanical properties of titania, especially the failure stresses, 
can not be specified accurately; however from the range of observed values 
it is possible to assess a threshold under which there is little probability 


of fracture. 
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Table A.1 Physical Properties of Titania 


Density 4.2 gm/cc 
Melting Point 1830" =" 1650" °C 

2 a 6 2 
Elasticity 1.0 x10" ko/cm 


(Young's Modulus) 
Rupture Strength 900-- 1500. kg/cm? 


Crushing Strength 3000 - 9000 ka/em® 


Tensile Strength 300 - 800 kovem® 


Coefficient of Bx 10° fC 
Linear Expansion 6 afer, 107° /°C 


Heat Capacity itd = "19 cal/gm-°C 
Therma] 8 x 10 cal/cm-sec-°C 
Conductivity (see Figure 4.9) 
Dielectric O54. 
Constant 
Thermal -9 x 1074 °C 
Coefficient ore ance /°C 
Loss Tangent <.001 Gone 10/9 Hz) 
Resistivity 19!8 - 10!4 Q cm 
Dielectric Strength 160 kV/cm 


150 kV/cm (50 Hz) 


Thermal #5 
Emissivity 


[110] 
[3] 


nO) 


[111] 
bay 
[111] 


[110] 
[112] 


[113] 


[110] 
[114] 


[110] 


[110] 


Able 


[110] 
[111] 


[110] 
[111] 


[115] 
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APPENDIX B 


ERROR ANALYSIS 


The numerical values derived from measurements are subject to 
experimental errors which may be evaluated by considering the individual 
instrument errors and the associated uncertainties in the calibration 
procedure. The sources of error and the estimated error limits are given 


below for the more important quantities. 


Low Power Measurements 


Frequency ( 1 ppm in 3 GHz for counter ) 3 kHz 
0 frequency (Af = 900 kHz ) pues 
X-Y recorder (+.2 % of full scale ) + .4% 
tracking error ( Figure 5.5 ) ce al baby | 
thermal drift ( Figure 5.13 ) <a, SP 
toe error in frequency ~oas ae ye 
micrometer position leg wy 
total error in Fo <p iso 
Q frequency ( Af = 400 kHz) ee ee 
X-Y recorder + .4 % 
thermal drift a ae 
total error in frequency | Sok Ae ueesieg tay’ 
divider linearity RA 
X-Y recorder + .4% 
total error in power ratio ee 2 oe 
total error in Q <a A % 
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High Power Measurements 


Average Power Calibration 


mass: flow rate ( flowmeter +1 Z of FS ) . 43.3 2% 
temperature ( .05°C in 2°C ) eke ee 
calibration error nA vc 
Average Power from Power Meter 
initial calibration error + 4.3% 
instrument error pA 
attenuator resetability aaa anw AeA 
error in average power ee OJ Os 
Peak Power 
initial calibration error agama 
( from power meter specifications ) 
attenuator resetability cinyae 22h 
oscilloscope calibration error se ee 
oscilloscope reading error Pace 
error in peak power yl Osa, 


Error in calculated peak field 3.8 + 4 + 10.4 
(from equation 5.24) 2 
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